The Formation of Anodic Oxide Films on Uranium. by Stebbens, Alan Ernest.
THE EOMATIOH OE JLNODIC OXIDE EILMS OHJDgAHim
A thesis for the . 
degree of 
DOCTOR OE PHILOSOPHY
of the
UNIVERSITY OE LOHDOH 
by
ALAH ERNEST STEBBENB, B.Sc.
JDEEJ.<^8
ProQuest Number: 10803994
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10803994
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ABSTRACT
The Formation of Anodic Oxide Films on Uranium
The conditions under which insulating oxide films |
can be formed on uranium by anodic oxidation have been !
investigated, and a number of experimental techniques has 
been developed for controlling the conditions of formation 
and for estimating film thickness during the growth of the j
layer* }
t
A survey of a range of possible anodising electrolytes j 
has been carried out and it is shown that consistent anodising: 
is only obtained within the ternary electrolyte system j
ammonia-water-glycol. A detailed account of the anodic j
oxidation in this electrolyte of uranium having different [
degrees of purity is described. I
Film formation on uranium is found to be critically j
dependent not only on the electrolyte composition and the j
mode of surface preparation, but also on the purity of both |
electrolyte and metal. |
The physical and chemical properties of the films 
have been investigated. The film is found to consist of 
a nearly amorphous material whose composition lies between j
U0o -r and U0o n , depending upon the purity of the metal used. [c. • p d • / |
I
The results obtained are more complex than those j
which have been noted in other studies of anodic oxidation, j
and it has not been found possible to account for the 
kinetics of film formation by applying the theory of Cabrera 
and Mott.
I l l
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SECTION 1
INTRODUCTION AND REVIEW OE PREVIOUS WORK
The formation of insulating anodic oxide films, in 
which a high electric field is found to exist across the 
film during its formation, was first systematically studied I 
by Guntherschulze and Betz (1,2), who showed experimentally 
for aluminium and tantalum that the formation current, i, 
and the field strength in the oxide, E, could be related by 
an equation of the forms
i = Aexp BE • • . .............(1) j
where A and B are constants, and E is given by V/d, V being 
the voltage across the film, and d the film thickness,
Eor aluminium they obtained the following values for 
A and B,
A a 3*6x10““^  Amps/cm^
B = 4.25xl0-6 cm/Volt 
the field during formation being of the order 10' Volts/cm.
and the growth rate 10 A.U/Volt. Eilm^ of this type have 
a high capacity/unit area, and have been widely used in the 
construction of electrolytic capacitors with working 
voltages up to 600V*
These insulating films, which are formed in a suitable; 
electrolyte, e.g. ammonium borate solution, and which reach j
-2-
a limiting thickness of a few thousand A#U, must be 
distinguished from the ?porousf films which can be formed 
on aluminium using an electrolyte in which the oxide is 
slightly soluble, e.g. sulphuric acid. These are 
characterised by a low electrical resistance, which has 
been shown to be due to the presence of pores which partly 
penetrate the film, and by the fact that the voltage 
developed across the film (at constant current density) 
changes little during growth. These films can grow to an
appreciable thickness, about the thickness being
initially proportional to the charge passed. NIn the 
present work the insulating type of film only has been 
considered in detail.
In 1948, Mott and Cabrera presented a theory to 
account for the formation kinetics of thin oxide films 
during low temperature oxidation of aluminium 0) • They 
assume that a, strong electric field is set up in the oxide 
layer by electrons which leave the metal and penetrate the 
oxide by the tunnel effect to enter vacant energy levels 
in oxygen atoms adsorbed at the oxide-air interface. They 
then show that if the oxide layer is sufficiently thin the 
rate of migration of ions through it, under the action of 
this field, is no longer proportional to the field strength, 
and the final expression.obtained for oxidation rate is 
identical in form to equation (1), By taking the numerical
-3-
values for A and B obtained by Guntherschulze and Betz, 
they were then able to deduce correctly the limiting oxide !
j
thickness formed on aluminium by air oxidation# [
I
\ !I
In recent years the anodic oxidation of a number of 
metals has been studied experimentally. In particular 
investigations have been made of Al, Ta, Zr, and Nbf all of [
which give stable, non-conducting films in a variety of
electrolytes. Charlesby (4) has shown that in addition j
!
to the ionic current flow, which results in film formation, j
an electronic current also flows, so that the complete j
current-field relationship becomess ;
i s= i + i 5= AexpBB + CsinhPF . . . . .  (2)
where i = total current i, = ion current+
i = electron current and G and D are constants j
The efficiency of film formation is then given by i+/i* 
Charlesby has shown the validity of this relationship over 
a wide range of current densities for both aluminium and !
zirconium. r j
Vermilyea has examined the anodic oxidation of j
tantalum in detail (5» 6, 7)? and has shown that the
relation dff
dClogi)
which, if the theory of Mott and Cabrera is applied to 
anodic oxidation, should be proportional to the absolute 
temperature, is in fact independent of temperature over the
range 0 to 80°C. A similar conclusion has been reached j
by Young, .who has carried out work on tantalum and niobium j
(8). Dewald (9) has described a theory in which potential
barriers in the oxide itself, in addition to the single i
barrier at the metal-oxide interface considered by Mott and
Cabrera, may oppose the flow of ions. By a suitable choice !
of parameters, he has shown that the temperature independence!
dff can be predicted. 
d'(logi)
I
1.1. Methods of film formation and measurement !
' T r" ' '' ^ j ’ ' • T  mi-mirr-FT . jI
In previous work carried out to test the validity j
of equation (1), investigators have used the method of j
controlled variables, in which either the current or the j
I
voltage is maintained constant during the course of j
anodising.
At constant currenti
i = const.= AexpBB I
*#. B = const. *= V / d ............   (37
Also, since the film thickness, d, is proportional to the 
charge passed,
V d t . . . . . . . . . . .  . (4)
At constant current, therefore, voltage and film thickness 
are both linear functions of time.
This is also true if the current efficiency is less
than 100%, for
i = i + i = const. t= AexpBB + CsinhDB
and therefore, since the r.h.s. is a function of B only,
i = const. = AexpBB
ir
and ■ .i - const. s= CsinhDB
The efficiency is thus constant at a given current density, [
and can be found either by comparing the experimental value |
of d with that calculated by Baraday!s Law, assuming 100% j
efficiency, or by determining the amount of free oxygen 
liberated during anodising.
The particular advantages of film formation at 
constant current ares
a) that formation takes place at a constant rate j
up to the maximum voltage, and that any departure from |
linearity of the voltage and thickness-time curves, owing
to changes in efficiency or in film composition, are 
readily observed.
b) the voltage drop across the electrolyte is 
constant during formation. j
ii[
The ohief disadvantage of this method when used for j
the verification of equation (1), is that a limited range 
of values of B can be obtained. The greatest range of 
current densities which can be used is limited to about j-
100s1, by heating effects in the film at high currents, and [
the reduction in formation efficiency at low current. Bor !
aluminium B changes by 15-20% only, for a 100si current 
ratio- Film voltage and thickness have, therefore, to 
be determined accurately,
At constant voltages
The application of a constant voltage at the outset 
of anodising would result in the flow of a high current, 
and it is usual, therefore, to form a film to the selected 
voltage at constant current, and then to keep the voltage 
constant and allow the current to decay. Then
i = Aexp BV where V =* const, , , , . (5)
IT
Charlesby (10) has given an approximate solution of (5) 
where BE2>1, showing that the product (i,t) changes only 
slowly with time. A plot of logi with logt should, 
therefore, be linear? also 1/d = a + blogt.
The advantage of this method is that a wider range 
of formation currents can be obtained, Charlesby, for 
example, in his study of aluminium, covered a total current 
range of 1000si, and was able to verify equation (1) by 
determining the decay of current and the decrease in film 
capacitance with time.
This method can only be applied where the efficiency 
of film formation remains high over the range of. current 
densities used. In addition it suffers from the 
disadvantages that the film is not formed under steady
-7-
conditions, that the total increase in film thickness 
during formation is only about 15%, and that a correction 
is necessary for the varying voltage drop across the 
anodising cell. Accurate methods of determining small 
changes in film thickness are essential,
1.2, Anodic oxidation of uranium .
The present study arose from a preliminary 
investigation carried out by Flint, Polling & Charlesby at 
the A,E.R.E., Harwell (11), This appears to be the first 
investigation of the anodic oxidation of uranium. The 
authors found that, while pitting occurred when uranium was 
anodised in aqueous electrolytes, it was possible to form . 
films of the insulating type in the non-aqueous electrolyte, 
ammoniated ethylene glycol. Some general corrosion was 
found to occur at voltages over GOV, whilst consistent 
results at lower voltages could only be obtained at 
temperatures between 0 and ~40°C* The films produced in 
this way showed brilliant interference colours and were 
found to retard the further oxidation of the metal both in 
air, at room temperature and at 120°C, and in water.
During anodic oxidation at constant current, uranium 
was found to exhibit a complex voltage-charge relationship 
which had not previously been observed with other elements. 
After an initial induction period, the cell voltage began
to increase at a constant rate -until a certain potential |j:
l
was reached. At this point the voltage ceased to rise, j
i-
thus forming a plateau. After a.time the voltage again j
commenced to increase but the rate did not regain its j
f
original value, and a third ^plateau* was reached at 60V. j
The authors considered that the second plateau was a 1
ir
![
fundamental property of uranium, and found that it occurred j
I
at a constant voltage (after allowing for voltage drop 
across the cell), and was independent of current density 
and temperature. The quantity of charge passed in reaching 
the plateau was also constant (after allowing for the initial f
induction period). The authors noted that similar [
discontinuities in the rate of film growth had been observed j
during thermal oxidation of uranium and during corrosion of
/ j
the metal in water.
By comparing the interference colours of the anodic
films with those published by Rollet (12) for a thin air
film, an optical growth rate of 32 A.U./V was obtained. |
p.  ^ I
Assuming that UOg having a density of 10.8gm/cnr was formed I
by anodic oxidation, and that the efficiency was 100%, a
growth rate of 16.5A.U./V was calculated. It appeared,
therefore, that p. was approximately 2.
An electron diffraction study, carried out to ;
determine the composition of the films, showed that UO^ was 
formed in all cases. It was found, however, that specimens
in which anodising was shopped during a period of voltage 
rise gave a crystalline pattern, while those formed to a 
voltage plateau gave an amorphous pattern. The patterns 
were found to sharpen'on standing at room temperature, 
indicating that recrystallisation had taken place,
The authors conclude that the voltage-charge 
relationship is explained by a change in the physical state 
of the oxide, and point out the similarity of this effect 
to the layering which has been observed during air 
oxidation of uranium.
Experimental techniques
*
The experimental techniques used by these authors 
were as follows. Uranium was used in the form of sheet, 
and was abraded before anodising on 0000 emery paper, using 
petroleum ether as lubricant. After washing and drying 1 
the specimen was stopped off to expose a definite area, 
using cellulose paint, and suspended in the anodising cell. 
Since the ammoniated glycol absorbed water readily, a closed: 
all-glass cell was used for this purpose, in which was 
suspended a tube containing ^2^5* cathode was a
platinum sheet. In order to control the temperature, the 
cell was partially immersed in a Dewar flask which contained: 
either ice and water, or solid 00^ and alcohol, thus 
enabling temperatures in the range 0°G to -40°C to be
maintained
A variable voltage power unit giving smoothed D.C. 
was used and for control of current during anodising, a 
variable resistance having a maximum value of ^Okohms was 
placed in series with the power supply to the cell, and 
adjusted manually to keep the current constant.
The aim of the present work has been to review the 
results and experimental techniques of the authors, and to 
extend their survey to a more detailed study of the anodic 
oxidation of uranium. In particular, attention has been 
directed to improving the techniques of film formation and 
measurement, and to attaining a greater degree of 
reproducibility during anodising.
SECTION 2.
PRELIMINARY EXPERIMENTS AND DESIGN OE APPARATUS
2.1. Preliminary experiments
In order to decide on the experimental techniques 
to be used, in the present investigation, preliminary 
experiments were first carried out using the methods 
described in Section 1.2, Uranium sheet was anodised in 
pure ammonia ted glycol containing 35g*M^/litre, both at 
constant current, the current being kept constant by 
adjusting a 50kohm rheostat in series with a voltage source, 
and at constant voltage. The results were in general 
agreement with those previously obtained and showed the 
induction phenomenon and the formation of voltage plateaux. 
However, reproducibility was difficult to attain owing to 
repeated failure of the cellulose stop-off. Alternative 
methods of specimen preparation were investigated and have 
been considered in Section 2.2.
A factor which also contributed to lack of
i
reproducibility was the need for continuous manual 
adjustment of the anodising current, while at the same time 
noting other variables. Some form of automatic control 
was considered essential, and Section 2.3* describes the
- 1 2 -
development of a suitable power unit and recorder system,
A study of the uranium surface during anodising 
showed that gas evolution took place during the induction 
period, but became less or ceased entirely as the cell 
voltage rose* Just before the plateau potential was 
reached, gas rapidly began to form again, whilst above this 
potential evolution was continuous up to the maximum 
formation voltage. Both of these effects therefore 
represented anodic oxidation at reduced efficiency owing 
to the evolution of oxygen.
Examination of specimens formed above the plateau 
potential, and rinsed without drying after removal from the
anodising cell, showed that some local action had taken
»
place, with the formation of small, apparently gelatinous, 
outgrowths. These were visible under the microscope while 
the specimen remained wet. At still higher potentials the 
yellow growths observed previously were formed.
It was therefore thought desirable to find an 
alternative electrolyte to ammoniated glycol, preferably one 
which could be used at room temperature, and in which local 
action did not occur, in order to show whether these 
observations represented a fundamental property of uranium, 
or were a function of the electrolyte. This Investigation 
is described in Section 2*4,
The use of interference colours for estimating anodic
film thickness was found to have a limited accuracy; in
Section 2*5 alternative methods have been compared, and a more 
accurate and convenient method developed.
2.2. Mounting and surface preparation of uranium
2.2.1. Purity and structure of uranium
Uranium metal was initially available from A.E.R.E. 
Harwell either in the form of vacuum cast rod, about 1" in 
diameter, or as rolled sheet. For the purpose of this 
investigation it was decided to use cast uranium in 
preference to rolled material since a microscopic 
examination, in which electro-polished surfaces of each were 
compared, showed that only the former was capable of 
attaining a sufficient degree of polish for subsequent 
optical examination. Discs of uranium 1” dia, and 1/8” 
thick, machined from rod, were supplied and also a quantity 
of foil 0,0008” thick.
The purity of this metal was given as 99*78%, the 
chief impurities being C, Fe, Al, and Si; the figure for , 
oxygen was not stated. A typical batch analysis is shown 
in Table 2.2.1.
Microscopic examination of an electropolished surface 
showed the presence of a considerable number of crystalline
-14-
inclusions which have been shown (13) to consist of oxide 
and carbide particles. Since these, together with
Table 2,2.1 
Analysis of Uranium *A? (p.p.m)
C 870 A1 700 Pe 370 Si 180 S 25 Or 20
Mn 15 K <  10 Hi 7 Ti 6 Ga<7 Cu < 5
Co < 2 Ba < 2 . Li<0.1 B<.06 Cd<,02 U99*78%
intermetallic compounds, might be expected to influence the j 
anodic behaviour of the metal, supplies of pure material were j 
sought. This became available in very small quantities only [ 
in May 1956, when a large part of the experimental work had j 
already been completed. To* distinguish between these f
materials in the text, the metal originally supplied has been j 
referred to as Metal ?A f, high purity metal as Metal *Bi, and j 
a third grade, intermediate in purity, as Metal rC'. Uo j
analysis was available for ?B* or *C*. All the studies 
described in Section 2 were carried out using Metal *Af. |
2.2.2. Surface preparation j
In the previous work (11), uranium specimens were I
ground on emery down to 0000 grade and stopped off with |
cellulose lacquer prior to anodising. Preliminary j
experiments in which this procedure was followed showed.that [
-15-
/
a pale yellow interference colour was formed on the surface
of the metal during the final stages of polishing, even when
excess lubricant was used to exclude oxygen* This oxide
film has been shown by Flint to cause a long induction period
at the start of anodising. Although it could be removed by.
an anodic treatment with citric acid before anodising, the
surface became etched and there was still a possibility that
some oxide remained on the surface. The drying of the
lacquer also introduced a time delay, which permitted 
%
oxidation of the surface. Further, most lacquers were found 
to soften in acid polishing solutions, and did not adhere 
satisfactorily to the metal.
In order to overcome these disadvantages, and to 
facilitate grinding, it was decided to mount the metal discs, 
in a suitable material, as in the preparation of * 
metallographic specimens, and to use electropolishing as a 
standard method of surface preparation.
2.2.3* Mounting of specimens
It is common practice, when both grinding and electro­
polishing are to be used in preparing a metallographic 
specimen, to make a temporary electrical contact through the 
back of the mount. In the present work it was desired to 
make a permanent low resistance contact to the uranium with 
a well insulated lead for both electropolishing and anodising.
Mounting in this way has certain advantages over the thin [
foil specimens which are often used for studying anodic j
oxidation. It simplifies grinding and mechanical polishing,
and a flat surface can readily be obtained. The distribution j
i
of current over the surface of a mounted disc has also been [ 
found to be more uniform than with unmounted sheet, where j
preferential dissolution at the edges generally occurs. By !
1.
careful brushing during electropolishing, considerable j
quantities of material can be removed without detriment to {
the surface finish so that a.specimen, once ground, can be I
I
repeatedly electropolished before regrinding becomes necessary, j 
It has been found difficult to obtain a uniform, stain-free !
• r
polish on uranium foil by electropolishing. Mounted specimens t
can also be readily located in the cell used for making optical [
!
i
measurements. f
Specimens were first mounted in Diakon (perspex), using j 
a hot mounting press, A uranium disc was electropolished, 
dried, and placed'in the press with the powder and a helix of |
p
tinned copper wire. After pressing at 3300lb/in for 13 min. 
at 123°C it was found that the uranium had oxidised and that j 
the electrical contact, obtained by picking out one end of the j 
helix from the mount, was unreliable.
A cold setting perspex resin supplied by Forth Hill j
Plastics was next used. These mounts1were cast inside short f 
sections of brass tube 1%” in dia. with a piece of spring -j
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brass, to act as a contact, pressed against the back of the 
disc. Here again the contact proved unreliable, and there [
was also a tendency for the mounting medium to shrink from 
the edge of the specimen, owing to evaporation of a volatile j
constituent.
To overcome the contact difficulty, attempts were next 
made to solder leads directly to the uranium. Ho references 
to suitable soldering techniques could be found in the 
literature, and attempts at soldering with resin cored solder 
and with zinc chloride flux were not successful owing to |
oxidation of the uranium. It was found possible, however, j
j
by vigorously rubbing crystals of copper sulphate, moistened j
with dilute hydrochloric acid (IF), over the surface of the \
uranium with a glass rod, to form an adherent copper deposit, j
After thoroughly rinsing and drying the specimen a flat spiral [
of copper wire was tinned and soldered as quickly as possible I
to the uranium, using resin cored solder. Contacts prepared j
in this way were of low resistance, certainly less than O.O^ohniv;
i
but the Joint had little mechanical strength and required 
careful handling before mounting. Satisfactory mounts were 
then possible using cold setting resin. [
The shrinkage of perspex mounts during setting was a 
disadvantage, and permitted creep of electrolyte round the 
edge of the disc, so the possibility of using one of the [
"Araldite1* resins was considered. Both hot and cold setting i
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casting resins were used, but only '’Araldite” 103 proved 
satisfactory. When allowed to set in the cold there was 
some reaction between the resin and the uranium, forming a 
thin film of gas bubbles over the metal surface. When 
heated to 80°C setting was much more rapid and no reaction 
was observed, but residual stresses on cooling tended to 
crack the mount.
The following procedure was finally found to be most 
suitable for preparing mounts free from air bubbles, but it 
should be emphasised that great care was necessary in order 
to obtain consistent results. Moulds were prepared as before 
from short sections of brass tube l^!t dia. which was slit to 
allow the lead to pass through. These were placed on a metal 
sheet and all surfaces liable to come into contact with 
Araldite were coated with a silicone releasing compound 
(Releasil Wo.7, Midland Silicones Ltd.). A suitable quantity 
of resin was then thoroughly mixed with hardener, using a 
ratio 8s1 parts by weight respectively. This was gently 
heated in a beaker to about y0oC9 allowing air bubbles to rise 
to the surface, until the setting reaction commenced, when 
part was poured into the prepared mould. The specimen was 
dipped into the Araldite and then gently lowered into the 
mould, care being taken to ensure that no air bubbles were 
trapped round the disc. The remaining resin was finally 
poured in the mould, and allowed .to set in the cold, becoming
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hard in 24hrs. After being removed from the mould, !
specimens were ground on one face until all machining marks
|
were removed from the metal surface, after which a glass tube j 
was passed over the lead and attached to the mount with molten 
polythene.
I
Specimens prepared in this way have proved very j
|
satisfactory in use. Residual stresses in the Araldite tend j
to grip the edge of the disc and, provided the uranium had I
been polished and was dry, there was a physical bond between j.
metal and resin. In some specimens a more positive bond was |
obtained by grooving the circumference of the disc prior to |
mounting. The leakage current obtained when a mounted [
i'
specimen was anodised at constant voltage was comparable with j
that of a carefully prepared foil specimen,
2.2.A. Electropolishing of uranium j
A number of electropolishing techniques have been 
developed at A.E.R.E. and have been described by Mott (14).
The most satisfactory of these uses a solution having the |
compositions
40%v. v.H^SO^
20%v .v .H^P04
AC^v.v.H^O |
A stainless steel cathode is used and the optimum current [
p
density is given as 0,5-0.6A/cm , the temperature of the
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bath being maintained below 15°C. During electropolishing 
it is essential to brush the surface of the uranium anode in 
order to prevent pit formation and staining. Brushing 
appears to reduce the thickness of the reaction product layer 
which forms at the anode and evens out the distribution of 
current over the surface. Without any agitation severe 
pitting takes place, particularly round inclusions.
During the present work polishing was carried out in 
a 250ml beaker using a stainless steel cathode, 5” x 2”.
Power was obtained by full-wave rectification of AC, (Whether 
the 30% AC component present in this supply had any influence 
on polishing is not known, and does not appear to have been 
discussed in the literature.) A brush made from strips of 
polythene foil was used in polishing since hair brushes became 
soft and sticky in the acid solution.
By experiment the optimum current density was found 
2to be 0.6A/cm , and typical polishing conditions were?
210-12V at 3A over a specimen 5cm in area.
The following procedure was used for surface preparation,, 
Specimens were ground on a disc of 0 grade emery until all 
machining marks had been removed from the metal surface, and 
were then rinsed in ethyl alcohol and in ?\rater. They were 
then transferred to the polishing bath where 5-10 minutes 
anodic treatment, with brushing, was required to give a mirror
■21
surface free from stains* Subsequent polishing times after 
anodising were much shorter, about 30sec, but it was found 
desirable first to remove the anodic film by acid treatment 
in order to prevent deterioration of the surface,
A mounted specimen is shown in Fig,2.5,4,
\
2,3 Design and construction of constant current/constant 
voltage power unit, and recording system*
It has been shown in Section 1,1 that investigation 
of the kinetics of anodic film formation may best be carried 
out by the method of controlled variables. In this instance 
the fundamental variables involved are formation current, 
film voltage, and film thickness and, if a fully quantitative 
study is to be carried out, each of these must be determined 
at any instant of time. Generally it is most convenient to 
control the current and voltage, maintaining one or the other 
constant during film growth. Measurement at constant film 
thickness has been described in the literature (10), but the 
method is indirect and involves anodising.at constant current.
Up to the time when the present work was carried out, 
November 1954, only Vermilyea in America had described the 
use of electronic control in a study of anodic oxidation, but 
no design data were given. It was therefore decided that 
a simple power unit should be constructed for the present 
study. Design notes, together with details of construction, 
are given in this section,
2,3.1 Current control
The simplest method of controlling the current during 
anodising is that described by Flint, in which a rheostat is 
placed in series with a high voltage supply and adjusted
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manually so that the current passing through the anodising
cell is maintained constant. Taking 50kohm as a typical
value for the resistance, it is seen that a change in
resistance of the anodic film of 500ohms causes a 1% change
in current. Since the rate of increase of the cell
2 4resistance at a current density of ImA/cm , may be 10 ohms/ 
min,, i.e. 1% in 3sec., and correspondingly higher at higher 
current densities, this adjustment is not easily carried out, 
since both voltage and time have also to be recorded. There 
may also be irregular fluctuations in the resistance* 
Furthermore, a resistance of 50kohms is insufficient for 
compensation over the whole anodising range, e.g. at a current 
of 1mA only, 50V is developed across the rheostat, which means 
that anodising must be stopped periodically to turn back the 
resistor and increase the supply voltage. This may introduce 
errors and can affect the anodising process. If the value 
of the resistance is increased in order to improve the 
regulation, a higher supply voltage is then required.
One method of increasing the effective output 
resistance of a supply is to make use of the high anode 
impedance of the pentode valve. This impedance can have a 
value approaching IMegohm at quite low applied voltage, and 
by connecting the valve, suitably biased, in series with the 
supply, a convenient source is obtained.
It was found experimentally that a typical R.F. pentode,
-24-
SP61, when connected go a 350V D.C. source, gave an output 
resistance of 0.8Megohms over a. wide range of voltages.
This was sufficiently high for carrying out preliminary 
experiments, and gave currents up to 15mA. However, 1% of 
0.8Mohms, i.e. 8000ohms, corresponds to a cell voltage of only 
8V at 1mA, and this regulation was not considered sufficient.
An alternative method was therefore chosen, in which 
the output current was made to pass through a fixed resistor, 
the voltage developed across this then being used in a 
negative feedback system to keep the current constant. This 
method has been used (15) to control the current passing 
through the focussing coils of an electron microscope, in 
order to compensate for resistance changes brought about by 
heating. The requirements in the present work were that 
the current should be kept constant within 1% over a voltage 
range 0-300V, and an approximate analysis was carried out in 
order to calculate the output impedance which could be
obtained by a simple circuit. Pig.2.3*1 shows a simplified
\
circuit diagram, in which V-^  is a low impedance control valve, 
Vg a voltage amplifier having a gain of -A, and 8c are 
neon stabilizers which maintain a steady negative bias for 
^2# V5 ^ ^6 are ^ur’^^er stabilizers required to provide a 
fixed source of bias for the grid of
The output current, i , is controlled by V^, and 
passes through the load, R^* and the fixed reference resistor,
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E-g, in series. The voltage developed in R-g, is then amplified 
by Vg* a21(^ back k° the control grid of V-g in such a 
direction as to maintain a constant voltage across R-g,, and 
therefore a constant current in the load.
The approximate circuit analysis, using the nomenclature 
of Fig,2,3«i is as-followss
The voltage applied to the control grid of V-g is,
\  = -A ( i0%  - E ) - iQ ( Bf + Rl ) .... .....(1)
where A is the amplifier gain, and E the fixed
bias potential
The fundamental valve equation, expressed in differential 
form iss
a±0 = i ava + gmavg  . . . . . . . . . . . . . . . . . (2)
a
where r , the anode impedance, = dVa, and g , the mutual 
aconductance = dia
g
Substituting for from (1), and using = -iQ (Eg, +
radio = "d [ V  ( %  + EL } ] + Fd t“A(io %  " E) ” io(EF + % >]
. . r&diQ = -ai0 - paR^ - pAdi0Bjj -jidigBp+Rp -i^dR^
.'.di0 j'ra + (R-P+R-P + juABj + ji(%+El)]= - V RL( 1 + F >
the output impedance, Zq, which is given by ~dVQ = -i^R-^
ai°is
Zq = r& + pAE-g, + (p. + 1) (R-g, + R^)
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and if A and ji are large compared with R& and (Rp + R^),
20 = a r f .......................... (3)
Using a single pentode amplifier, A can be 120. The 
value of Rp is determined by the maximum permissible voltage 
drop across it, and in the present work the value of 30V was 
chosen. With current ranges 0-1, 0-3, 0-20, and 0-30mA, 
the calculated values of Rp were, 3'0k, 10k, 2.3k, and lk-ohms 
respectively, giving output impedance of 6M, 1,2M, 300k, and 
120k-ohms respectively.
While these values were greater than those obtained 
using a pentode, they were not sufficiently high to give 
good regulation at low currents. A system of compensation 
was therefore used to increase their value further. The' 
modified circuit is shown in Rig,2.3-2.
A small fraction, k, of the output voltage across R^ 
is applied to the cathode of V^. As the output voltage 
rises, the potential applied, after amplification by V^, to 
the control grid of V^, acts in the direction tending to 
increase VQ still further and thus corresponds to positive 
feedback. Analysis of this circuit, carried out as before, 
but with a term -kiQ(Rp + RjP included on the r.h.s. of 
equation (1), shows that the output impedance now becomes § 
ra + pARp + (Rp + + P-Cl — kA)
1 + jx(l - kA)
Then if k is made equal to 1, Z becomes infinite.
A °
The finite source impedance obtained by a simple circuit can 
now be made infinite over a wide voltage range by using this 
method of compensation. It must be emphasised, hovirever, 
that while the negative feedback used previously tends to 
stabilize the system, making it independent of changes in 
valve characteristics, positive feedback does not, and the 
compensation may therefore require some adjustment 
periodically. kor reasonable changes in the valve 
characteristics, say + 10%, the value of jZol , initially 
made infinite, does not fall to less than lOx the. 
uncompensated value.
If k is made greater than j-,the output impedance 
becomes negative, i.e. the output current increases as the 
load resistance increases. This fact can be made use of 
when a measuring instrument is to be connected in parallel 
with the anodising cell. Without compensation the meter 
takes an increasing proportion of the total current as the 
cell voltage rises, and can thus lead to error. By 
deliberate over-compensation, however, the meter resistance 
can be balanced by the negative output resistance, so that
I-29-
a constant current is maintained at all voltages# In the 
present work an vAVOU Model 8 was used as the measuring 
instrument, and had a fu.ll scale deflection current of ^OpA0 
At 1mA, ^ therefore, without compensation, 5% of the cell 
current could be shunted by the meter when the cell voltage 
had risen to 250V# Substantially perfect regulation could 
now be obtained over the desired working range# There was 
no evidence of instability in the output from this unit#
2.3«2» Voltage control
The conditions to be met by a constant voltage power 
supply are stability of voltage and low impedance. At low 
voltage and where great stability is required secondary cells 
form a suitable source and have an extremely low impedance, 
but when voltages up to 350V are required, a regulated 
electronic source is more convenient# Units of this type 
are readily available commercially, and their design has been 
fully analysed (16). In the present work, it was desired 
to combine both voltage and current control in the same unit, 
and no commercial model was found to be suitable for 
modification.
pig.2.3#3# shows a simplified circuit diagram of the 
voltage stabilizer, in which V^ is a low impedance control 
valve, V^ is a voltage amplifier, and V^ and V^ are neon 
stabilizers which maintain a steady negative bias for V^,
and enable the output voltage to be reduced to zero#
The voltage across the load resistance, R^, is 
controlled by V-^  which is in series with the HT supply#
Any change in this voltage is amplified by V^ , an<3 fed back 
to the grid of V-^  ^  such a direction as to oppose the change 
in output voltage. This negative feedback thus maintains a 
constant output voltage, independent of changes in load 
resistance.
By means of an approximate analysis, the output 
impedance of the power unit, and thus its regulation, can 
be calculated.
It is found that
-av_ = Z„ = ra
aT° 0 l + >  ( M  - l)"
and when p. and A are greater than 1, this becomes s
Z„ = ra = 1  , 1 .............................(3)
jVf El gm
This expression enables the output impedance to be 
calculated, A detailed account of the design procedure will 
not be given, but certain aspects will be mentioned in 3«3«
It was found that the value of k lay between 0*2 and 0.6, 
and that of gm was about 5*10 ^mhos, so that with A = 120, 
a value readily obtained from a single pentode amplifier,
i
ZQ had values between 7 and 20 ohms# The circuit was 
designed to give voltages between 0 and 300V and a maximum
-Si-
current of 50mA,
2.3«3» Combined power unit
In studies of anodic ,oxidation it is common practice 
to form films first at constant current, until the desired 
voltage is reached, and then to keep the voltage constant 
at this value until the current decays to a predetermined 
value. In this way the final value of the field within the 
oxide is kept constant, and so the growth rate, measured In 
A.U/V, is also constant. Pilms formed under different 
conditions may therefore be compared in a consistent way by 
different investigators, e.g. Vermilyea forms films at 
constant voltage until the current drops from its initial
p
value to O.lmA/cm . The rate of formation is' then given 
1by at this current density, where P is the field in the 
oxide, ,
It is generally impracticable to form films by 
applying a constant voltage at the start of anodising, since 
the initial current is very high and may cause changes to 
take place in the film. Por this reason it was thought 
desirable to combine both voltage and current controllers 
in one unit and to make arrangements for switching from one 
to the other during anodising by using a relay. It would 
be possible in this way to use a chart recorder and to 
cause the pointer itself to operate the relay and change
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from constant current to constant voltage.
A complete circuit diagram of the combined unit is 
shown in figure 2.3*3* Separate amplifiers (EF39)
are used for voltage and current control respectively and 
a parallel combination two control valves and V^ (6L6) 
delivers a maximum current of 30 eA (the valves used would 
provide 100 mA max. but there might then be a possibility 
of overloading them under conditions of low output voltage).
Full-wave rectification, followed by a choke input 
filter (to improve the voltage regulation with varying load) 
is used for the main HT supply. A shunt diode half-wave 
rectifier provides negative HD. supply for the neon stabilizers.
The negative supply is stabilized by two VS70 neons.
\
Since these supply a fixed potential controlling the grid 
bias of and there must be no appreciable fluctuation 
in their input voltage or in the load drawn from them. By 
using high values of anode load resistance, the currents 
through and are reduced, and the bleed resistors 
also have a high resistance, so that the variation of load 
on the neons with change in output is small.
A second negative supply is required to provide a 
bias potential for grid. This is provided from the same 
negative rail and uses two indicator neons. By making 
Rp((R, the bias potential,E, can be made independent of the
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voltage developed across R^ ,f
The relay control circuit used to switch the power 
unit from constant current to constant voltage is shown in 
Fig.2.3.4. In addition to internal switching this relay 
also modifies the recorder connections in such a way that 
with constant current passing through the cell the voltage 
is measured, whilst at constant voltage the decay of current 
is measured.
The completed apparatus is shown in Fig. 2.3*6.
The power unit was built on a standard 19” rack and 
is shown in Figs.2*3*7 and 2.3*8. Owing to lack of space 
certain controls and a separate HT supply for the /valve 
voltmeter were placed below the unit,
2.3*4. Recorder system
To simplify reading of the other variables, film 
thickness and time, particularly while anodising at high 
current density, a recording system was attached to the 
power unit.
An Elliott 6” moving coil recorder having a chart 
speed of 1 1/3” per minute was supplied by Harwell. Since , 
this instrument required 5 ^  for full scale deflection and 
would have shunted the constant current source considerably 
if connected directly to it, it was necessary to drive it
— — • ' .
_
Fig, 2.3.7, 
Fig, 2.3,6,
2.3.6.
2,3.8.
Fig.
from a simple valve voltmeter. A reflex circuit was j
chosen having a high input impedance and low output impedance. |j 
The circuit is shown in fig. 2.3*5* A separate power supply |[
was required and was mounted on a separate chassis. The ij
valve voltmeter was connected to the power unit output via | 
a decoupling filter to prevent earth currents from flowing j| 
into R-p, which can be shown to introduce a large hum component 
into the output. i
In order to make the recorder as flexible as possible, j| 
pre-set potentiometers were used as the cathode load of V^, [J
and covered the ranges 0-100 and 100-300V. The recorder |
range was then set up by using an Avometer as described in 
2.3*3* Variable shunts having ranges 0-20 and 0-50 mA were 
also fitted. The input circuit of the voltmeter was so 
arranged that voltage was recorded at constant current, and j*
' I
current decay at constant voltage. fj
The recorder was initially found unsatisfactory owing j] 
to severe sticking of the pen? the makers state that errors 
of 10% may be expected. By fitting a lOOc/s vibrator to 
act on the ink channel this figure was improved to 3-5%•
Output circuit
i;
The output circuit of the power unit is shown in j<
fig.2.3.9. The four positions of the output switch were
—3 6 -
Input from 
power unit, Output 
to cell50k
Fig. 2*3.6 Output circuit
a) To short circuit the output.
b) To connect the output to a 50kohm internal load,
c) To connect the power unit to the output terminals, 
dj) As in o) but with reversed polarity,
2,3*5 Setting up the power unit
A warming up period of 15 minutes was allowed before
\ N
setting up. Before using the power unit the compensating 
control was adjusted, using the internal load and with the 
Avometer connected on the appropriate range, so that the 
output impedance remained infinite over the required voltage 
range.
The recorder was set up using the Avo as a standard . 
voltmeter. The 50kohm internal load was adjusted to give 
the desired maximum voltage at the required current and the 
valve voltmeter potentiometer then adjusted to give full 
scale recorder deflection. The load was then short circuited 
and the recorder pen brought to zero using the *baok off* 
control. The whole procedure was then repeated until the
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correct range was obtained.
The recorder shunts were adjusted using the current 
meter built into the power unit.
Power Unit Specification
Constant current supply
Rangess O-lmA 0~5biA 
0-20mA 0-50mA
Maximum voltage s 300V
Output impedance (with compensation) s >300Mohms. , 
Maximum negative output impedances approx,-50kohms, 
Output ripples less than 7mV r,m,s, at all settings# 
Regulation (when fed via stabilizing transformer)s 
+ 0,2% in output current for + 12% input voltage
fluctuation.
Constant voltage supply
Range s 0-300V 
Maximum currents 50mA (100mA for short periods)
Output impedances approx. 6ohms
Output ripples less than ImV r.m.s. at all settings. 
Regulations 0,1% change in output voltage for + 12% 
input voltage fluctuation.
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2.4. The influence of electrolyte composition on the
anodic oxidation of uraniums preliminary experiments
2.4,1. Introduction,
In previous experimental work on the anodic oxidation 
of metals such as Ta, Fb, Zr, and Al, it has been found 
possible to use a wide range of different electrolytes 
without affecting in any way the kinetics of film formation, 
Flint (11) has shown that with uranium, however, reproducible 
results, in which films could be formed to high voltages, 
could only be obtained by using a non-aqueous electrolyte 
consisting of ammoniated ethylene glycol; all other aqueous 
and non-aqueous electrolytes used, e,g. aqueous ammonium 
borate and ethyl alcohol, were found to result in local attack 
and pitting.
There are certain disadvantages associated with the 
use of ammoniated glycol, particularly in the present work, 
where it was desired to analyse the kinetics of film 
formation. Reproducible results could be obtained only at 
low temperatures, between 0°0 to ~4Q°C, and it was found 
that anodic oxidation at constant current density gave a 
complex voltage-charge relationship, during which the 
efficiency of film formation was found to change. In 
addition there was evidence that local attack, with the 
formation of insoluble reaction products, took place during
-39-
anodising#
Flint (11) has suggested that the appearance of 
plateaux during anodic oxidation is a fundamental 
characteristic of uranium and has shown that similar plateaux, 
corresponding to a reduced rate of oxide growth, are 
observed during thermal oxidation of uranium thus tending to 
support this hypothesis. The absence of any other suitable 
electrolyte, however, prevented this hypothesis from being 
verified.
Previous investigations have shown that anomalous 
results may be expected when using non-aqueous electrolytes 
for anodic oxidation. Flint (17) found that a voltage 
plateau occurred at >^0Y when tantalum was anodised in 
ammoniated glycol, and showed that similar effects took 
place in other non-aqueous systems. Vermilyea (7)? using 
a solution containing ethylene glycol, borax, and 3% water, 
found that a composite anodic film was formed on tantalum#
One layer, nearest to the metal, was found to have the same 
chemical and electrical characteristics as the oxide (Ta^O^) 
usually formed in aqueous electrolytes, but the other layer 
corresponded to an unknown compound having different 
properties. The outer layer was also characteristic of 
the electrolyte used.
After considering this evidence it was decided that
**•40—
the possibility of using alternative electrolytes should be 
investigated as a preliminary step in the present work, 
using both aqueous and non-aqueous solutions* The properties 
desired were that the electrolyte should give reproducible 
results at room temperature up to a high formation voltage, 
and that the efficiency should be high with no local attack 
of the oxide. A linear voltage-cbarge relationship was also 
required.
2,4.2. Non-aqueous electrolytes
A range of electrolytes using ethylene glycol as
f
solvent were first investigated briefly, and the results 
were compared with those obtained using ammoniated glycol.
Pure, dry glycol, and ammoniated glycol containing 
76g/l ammonia, were provided by The Plessey Company, The 
water content of each of these was stated to be less than 
0.5% and the same batch was used throughout the present work. 
All other reagents used were of AnalaR grade,
2Mounted specimens having an area of 5cm were first 
electropolished and then rinsed in distilled water and in 
glycol and finally dried using filter paper. Anodising was
then carried out at a constant current of 1mA (current
density 0,2mA/cm ) without agitation and using a platinum 
cathode. The temperature was 18°C. The results obtained
are summarised in Table 2,4,1.
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Electrolyte
composition
Pure glycol
Glycol +
0.2% citric 
acid
Glycol +
0*1% borax
Glycol +
0.5% borax
Glycol +
0,5% amm, 
borate
Glycol +
0*1, 0,2,
0.5, 0.4% 
amm. citrate
Glycol + 
saturated 
amm.citrate
Glycol + 0.2 
&0.,4% ethylene 
d iamine.
Glycol +0.2 
& 0,6% 
ethano lamine
.Ammoniated 
glycol, 38g/l
TABLE 2.4.1
Results
Cell potential rose to a steady value of 285V, 
No visible film formation or pitting.
Constant cell voltage, no film or pitting.
6V increase in cell potential, but no 
coloured film visible. Uranium attacked,
A pitted yellow interference film formed to
6,6 V.
A pale yellow film formed to 3V. 
attack on the metal.
Some
Slight voltage rise, but no coloured film 
visible, Uranium attacked.
Yellow film formed to 7V. 
the metal.
Some attack on
Film formation to 2V ( v. pale yellow ) and 
4V (pale yellow), respectively, Some 
attack on the metal.
A yellow interference film when formed to 6V, 
in both cases. Some attack of the metal.
In later experiments using analytical grade 
ethanolamine, anodising was possible up to 
30V, using a 5% solution in glycol. Attack 
of the uranium still occurred.
Uo induction period was observed at the 
commencement of anodising, and only a few 
localised points of gas evolution were visible. 
The plateau potential was 8,5V, forming a 
yellow film. Above the plateau, some attack 
of the surface took place. In weaker solution^ 
( 19g/l), the plateau potential rose to 18V
(refer to p.l2y
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It can be seen that satisfactory anodising was not 
obtained with any of the electrolytes used, with the exception 
of ammoniated-glycol and possibly of ethanolamine-glycol,
No plateau was observed using the latter but some attack of
the metal still occurred,
/
It was concluded that although, in the majority of 
cases, an oxide film started to form at the anode, localised 
attack took place at impurities and so limited the maximum 
potential obtained. The high local currents at these 
impurities then resulted in rapid pitting.
Although the use of electropolishing removed the long 
induction period noted previously by Hint using ammoniated 
glycol, and fairly consistent results could now be obtained 
at room temperature, the plateau potential could not be 
reproduced to within IV and there was some variation in the 
growth rate after the plateau potential. The preliminary 
experiments led to the conclusion that further studies 
using ammoniated glycol would not be fruitful. Attention 
was directed, therefore, to the possibility of using an 
aqueous electrolyte.
2,4.3# Aqueous electrolytes
. Flint (11) has described attempts to use an aqueous 
solution of ammonium borate as an electrolyte for anodising 
uranium. These experiments were unsuccessful resulting 
in pitting after a thin oxide film had formed.
In the present work, a range of aqueous electrolytes 
has been used, and the experimental results obtained by 
anodising at constant current are summarised in Table 2,4.2,
Table 2.4.2
Electrolyte composition Current
density
Result
Nitric acid 3N 
Nitric acid, cone.
0—10mA/cm^ Metal dissolved 
anodically at all 
current densities 
without pitting.
Chromic acid, 0,2 & 1%
Potassium chromate
0.2 & 1%
77 die hr ornate, 
0.2 & 1%
Tartaric acid, " ”
Citric acid, ” 77
Ammonium carbonate, 1%
Sodium bicarbonate, 1%
0-3mA/cm2
In all electrolytes 
the metal dissolved 
without visible film 
formation or pittingt
Boric acid, 0,2%,0,3% 
Ammonium citrate, 0,2%
0-3mA/cm^ Pale yellow inter­ference colour. 
Pitting
It is evident that none of these electrolytes gave 
a satisfactory anodic film. Three other cases were, however, 
of particular interests
a) Sulphuric acid
In 1% and 10% v.v sulphuric acid solution thick 
anodic films corresponding to several orders of 
interference were observed. There was, however, 
no rise in cell voltage and it appeared that.the
9
film was of the 9porous' type, similar to that 
formed on aluminium in sulphuric acid.
Increasing the current density to 350*flA/cm 
during anodising caused disruption of the film 
to take place, and the metal then dissolved 
anodically without pitting. A very pale yellow 
interference colour remained after this treatment. 
Hart (18), in an electron diffraction study of 
films formed under similar conditions, has shown 
that the film gave patterns corresponding to UOg.
b) Sodium hydroxide
Anodic oxidation in 0.1H sodium hydroxide at
p
ImA/cm resulted in pitting with the formation 
of yellow nodules, but no interference colour 
was visible. Using a 2U solution, however, no 
attack took place and the first order interference 
colours were produced in succession, but without 
rise in cell voltage, until the yellow of the
second order appeared. The voltage then began 
to increase rapidly and finally attained a 
constant value of 34V? simultaneously gas 
■ evolution commenced at the anode. On reducing 
the current density, the value of the limiting 
potential decreased, but if the cell was 
disconnected and then repolarised the rise In 
voltage was again observed. This phenomenon 
suggested that a porous oxide film was first 
formed at the anode, and that its composition 
changed when a particular film thickness was 
reached* This second layer was yellow in 
colour and appeared to be opaque. Since gas 
was freely evolved from the surface of'the 
anode it appeared that this film had a high 
resistance and thus gave rise to passivity so 
that the potential of the anode rose locally to 
that of oxygen evolution. This layer appeared 
to dissolve in the electrolyte, Wo attempt was 
made to determine the composition of this film,
c) Ammonium hydroxide
It was found during these preliminary experiments 
using basic electrolytes that anodic film could 
be formed on uranium in ammonia solution. An 
insulating film having a maximum formation
2voltage of 30V at a current density of ImA/cm
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. could be formed using 3W laboratory grade 
ammonia, and in 0.880 ammonia a thicker film 
could be formed to approximately 200V# Wo 
attack of the metal could be observed and the 
voltage increase with time was linear. The 
interference colours formed on the anode were 
very saturated, even when viewed through the 
solution, (c.f. ammoniated glycol where weak 
colours only were observed) and gradually 
became obscured by the increasing absorption 
of the oxide layer. At l^OV the film was 
opaque and dark brown-red# With this laboratory 
grade (BDH) ammonia solution gas evolution 
took place during anodising and it was^found 
that the rate of increase of voltage depended on 
the rate of agitation of the electrolyte#
However, with AnalaR grade ammonia no gas was 
evolved during anodising, and the voltage rate 
was independent of stirring. The formation of 
films In ammonia solution is considered in 
detail in Sections 3*1, 3*3? an  ^ 3#12*
2.4.4 Other non-aqueous systems
From the range of electrolytes studied in 2.4.2 and
2.4.3, it appeared that, with the possible exception of 
ethanolamine, only the ammonia-water-glycol system enabled
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i;j:
insulating films to be formed on uranium without corrosion i:
taking place# |l
To determine whether this system was unique, and 
whether glycol played an active part or acted only as a !
solvent for ammonia, experiments were carried out using the i:
ethyl alcohol-ammonia-water system# I;
Ethyl alcohol containing 4% water was saturated with |
dry ammonia gas, which was obtained by distilling 0*880 AnalaR -
ammonia and was dried by passing the gas through calcium oxide# ;
In this electrolyte it was possible to form anodic films to !;:
!j
a maximum formation voltage of 33^# The rate of increase [
of voltage was substantially linear and no gas was evolved# 
Anodising was terminated by local film breakdown with the h
formation of black nodules. I
To prepare an anhydrous electrolyte, 96% alcohol
was dehydrated over anhydrous copper sulphate and then
redistilled# On saturating with dry ammonia the conductivity j;
— 1 — 1  *' 'iincreased from 2*7Guib-cm) to 45(pjl-cm) • The ammonia l 
content was 76gms/litre# ' j;
Specimens were prepared by electropolishing and were j
rinsed in distilled water and in a sample of the electrolyte 
before anodising# In addition to anhydrous alcohol-ammonia, j
anodising was also carried out after controlled additions of jj
water had been made and the electrolyte resaturated with
ammonia# The following results were obtained? *
a) In the anhydrous electrolyte the cell voltage
rose from 30 to 32V at a current density of 
2
ImA/cm , Concentric rings showing pale 
interference tints were visible, and some 
corrosion of the metal took place#
b) After adding 0.4-% water and resaturating with 
ammonia the cell voltage rose to 3*3V, after 
which breakdown took place# A patchy yellow 
interference colour was visible*
c) With 0*8% water addition the maximum formation 
voltage became 34-*5>V, and the film was deep 
yellow in colour# Some black nodules formed on 
the surface at the higher voltages.
d) As the water content of the electrolyte was 
increased further, to 1*6%? the results of 
anodising approached those previously observed 
using aqueous ammonia#
These results appeared to suggest that anodising was 
only possible in the presence of water, and that as the 
concentration of water was increased the voltage-time curves 
tended to those of aqueous ammonia# At no time was a 
voltage plateau associated with gas evolution observed.
From these experiments it is clear that the behaviour
—4-9*”
or uranium in a non-aqueous electrolyte depends on the 
solvent used. It would appear that the systems investigated 
have a behaviour characteristic of the solvent when the 
water content is low, but resemble aqueous ammonia as the 
water content increases. These effects might be explained 
by assuming either that the solvent, or its oxidation 
products, becomes incorporated in the film structure or that 
it controls the diffusion of ions and thus alters the film 
properties.
Experiments were also conducted in liquid ammonia and 
the liquid ammonia-water system.
Liquid ammonia was prepared by cooling dry ammonia 
gas using solid carbon dioxide and acetone, and small 
specimens of uranium foil were then anodised in the electrolyte 
at -70°C. No anodic film formation was observed and in all 
cases small black outgrowths were visible over the surface 
of the specimen, Further experiments carried out between 
-35°C and -70°0, in which controlled additions of water were 
made, gave similar'results. It was concluded that this 
electrolyte was unsuitable for anodising uranium,
2.4-. 5 Conclusions
With the exception of ethanolamine-glycol and 
ammoniated glycol the non-aqueous electrolytes investigated > 
were unsatisfactory for protective film formation.
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Ammoniated glycol gave the most reproducible results, with 
a well defined voltage plateau, while all other systems 
usually produced local attack of the uranium. Film 
formation only took place in ammoniated alcohol after the 
addition of water.
From the range of aqueous electrolytes investigated, 
ammonia was found to be most suitable for the proposed study 
of insulating film formation. Sodium hydroxide produced a 
film of limited thickness which dissolved in the electrolyte 
in the absence of a polarising current.
All weak acids and salt solutions investigated 
resulted in dissolution of the metal without pitting, and 
salts of weak acids appeared to form thin, pitted films.
It appeared from these experiments that ammonia had 
a specific action in enabling film formation to take place, 
and it was decided, therefore, to investigate part of the 
ammonia-glycol-water system in greater detail. (Refer to 
3*12.)
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2.5. The measurement of anodic film thickness
The oxide films formed on uranium during anodising 
vary in thickness up to several thousand A,U., and if the 
kinetics of film formation are to be studied it is necessary 
to have an accurate method of estimating the thickness over
this range. Several methods have been described in the
\
literature which are suitable for measuring the thickness 
of thin films formed on a metallic substrate and can be 
summarised as followss-
1. Gravimetric methods
2. Capacitance measurement
3* Film stripping
4. Electrometric reduction
5. Optical methods
The method chosen should be sensitive, simple to 
carry out, and should not disturb the course of anodising 
more than is necessary. With uranium it has been found that 
any interruption of anodic oxidation, whether or not the 
specimen is removed from the cell, can modify the subsequent 
film formation. It was thought desirable, therefore, in 
the present work to develop a method in which film thickness 
could be measured during growth. It is considered of 
interest to review these methods with particular reference 
to the above requirements.
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2.5.1. Gravimetric determinations
In this method the weight of oxygen taken up by the 
metal during the course of oxidation is determined by direct 
weighing, and the total weight of oxide then calculated 
from its chemical composition. By assuming a value for the 
density of the film, its thickness can then be found.
This method has been widely used in the study of air 
oxidation, where the increase in weight can be determined 
continuously by using a microbalance. (19). Direct 
weighing is clearly unsuitable for the continuous study of 
film growth during anodising. Charlesby (20) has described 
experiments in which the efficiency of film formation on 
zirconium was found by comparing weight measurements with 
values calculated using Faraday’s law. By assuming a value 
for the density of the film he was also able to calculate
the rate of formation, the formation field, and the dielectric
constant. Vermilyea (5) has used weight determinations to 
calibrate an interference step wedge which was then used 
as a reference standard in estimating the thickness of oxide 
films formed on tantalum. He assumes that the density of
the film equals that of the bulk material.
While the gravimetric method is direct, it has been 
found to possess several disadvantages when used to 
determine the thickness of anodic films on uranium,
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The metal oxidises very readily in air, and it has been 
found that any delay introduced during weighing specimens 
before anodising is sufficient to modify their subsequent 
behaviour# Similar effects are observed when a specimen 
is removed for weighing during the course of anodising#
This will be discussed more fully in 3*11* The estimation 
of film thickness also requires a knowledge of the film 
composition and,of its density. In the case of anodic films 
formed on tantalum it is possible to justify the assumption 
that the chemical formula is Ta20^ and that the density of 
the anodic film is the same as that of the bulk oxide#
With uranium, however, this is not possible as the chemical 
properties of the film do not correspond to those of any of 
the known oxides of the metal, and their density is unknown# 
Thickness measurements also depend on the accuracy with 
which the weight increase can be determined. Consider the 
formation of uranium dioxides
U + o2 5= ijo2
Since the atomic weight of uranium is 238*07, the increase 
in weight on oxidation is 12% of the total film weight# 
Assuming the film to consist of U02 having a density of 
llgm.cm"^, and considering a film of unit surface area, the 
increase in weight due to uptake of oxygen is 0#012mg/cm / 
1000AU. . A typical value of weight increase for a specimen 
lOcrn^  in area is therefore 0#12mg/1000AU, and if weighing 
can be carried out with an accuracy of 0.02mg the possible
-54-
error in the determination is 16% at lOOOAU falling to 3% 
at the maximum film thickness of 5000AU.
In view of these factors the gravimetric method has 
not been used in the present work for estimating film 
thickness, but its use in a modified form for the determination 
of film composition is described in 3*11.
2.3»2. Capacitance measurement
The measurement of film capacitance has been used to 
study the growth of anodic films on metals such as aluminium, 
tantalum and niobium (10,21,22)# Generally the film on the 
metal is represented, for the purpose of analysis, by an 
equivalent circuit containing resistance and capacitance in 
series which can be measured using a standard AC bridge.
It can readily be shown that for these metals the inverse 
capacitance increases linearly with time during anodising at 
constant current density. By assuming a value for the 
dielectric constant of the film., an estimate of its thickness 
may thus be found. This is analogous to assuming a value 
of film density in gravimetric measurement, and the same 
objections apply, namely that the bulk dielectric constant is 
not necessarily the same as that of an amorphous anodic film.
No information regarding the electrical properties of the 
oxides of uranium were available in the literature.
Attempts to measure the capacitance of films formed
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on uranium !A! were not successful owing to the presence 
■ of leakage paths. Later experiments using high purity 
uranium gave more consistent values, and these have been 
used to estimate the dielectric constant of the films (3-8).
2.3*3 Film stripping
The removal of oxide films from iron, copper, 
aluminium, nickel, and steels by chemical or electrolytio 
attack of the underlying metal has been used by Evans (23), 
while Vernon et al. (24) have used an improved alcoholic 
iodine method. The reactive nature of the film formed on 
uranium has precluded the use of any of these methods in 
the present work.
2.3*4 Electrometric reduction
The quantitative estimation of oxide film thickness 
by cathodic reduction, using a small constant current density 
and determining the end point by the cathode potential, has 
been applied by Evans and Bannister, and by Miley (23? 26). 
Owing to the high free energy of formation or uranium oxides, 
cathodic reduction did not take place, and hydrogen was 
evolved from the cathode.
2.3*3* Optical methods
Several methods of measuring film thickness which are 
based on the examination of light reflected from the film
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coated metal have been described in the literature (27)#
Interference colours, which are often formed during
the oxidation of a metal, offer a convenient way of estimating
\
film thickness approximately. Alternatively light 
reflected by the specimen may be examined using a 
spectrophotometer to locate the wavelengths at which 
absorption occurs. A further group of methods is based on 
the examination of polarised light after reflection from a 
film coated metal. In order to find a method suitable for 
carrying out continuous measurements during the anodic 
oxidation of uranium these have been considered in some 
detail below.
a) Interference colours
The appearance of interference colours on film coated 
metals is well known, and has been applied by Tammann (28) 
to the measurement of oxide and other films. Saturated 
colours are also found when anodic oxide films are formed 
on certain metals, e.g. Ta,llb,Zr,Ti, and U. In Tammann*s 
method, the film colour is compared with that formed by an 
air film between two silvered surfaces, and the thickness of 
air film giving the same colour enables that of the film 
to be calculated, provided that its refractive index is 
known. A method similar to this was used by Hint (11), 
who used for comparison a table of colours for thin air
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films which was compiled by Rollet (1878). Evans (29) has 
shown that the use of this method can lead to appreciable 
error.
When a beam of monochromatic light is incident 
normally on the surface of a film coated metal, the condition 
for destructive interference between light reflected from the 
film surface and that which penetrates the film and emerges 
after reflection from the metallic substrate, is that the 
optical path difference shall be an odd number of half 
wavelengths. . Thus?
2nd j= (2p + 1)X where n is the refractive 
2
index of film, <3=film 
thickness, \ = wavelength 
of light.
This assumes that the phase changes which take place at the 
air-oxide and oxide-metal interfaces are each If . However, 
if the oxide dielectric is slightly absorbing, and the metal 
not a perfect absorber, this will no longer be true, and for i 
all practical materials there will be a residual phase 
difference 0.
2nd + 0 = (2p + 1)X now becomes the
2
condition for destructive interference. The value of 0 can 
only be determined if the optical constants i.e. refractive 
Index, n, and absorption index, k, are known for both metal 
and oxide. The value of each of these may also change with
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wavelength*
The interference colour of a system in white light 
is formed by. the absorption of one or more bands of 
wavelengths in the spectrum, including the near infra-red 
and ultra-violet, and it is the shape of these absorption 
bands, ?/hich depend on the values of all four constants as 
well as on the film, thickness, which determines the 
interference colour observed. Any direct comparison, 
therefore, between an oxide-metal system and an air film, 
or between two different oxide-metal systems, can be 
expected to introduce errors. While it is not possible to 
calculate their magnitude, an examination of work carried out 
using this method (50) suggests that errors of about 200AU 
can arise in individual determinations. In addition, 
Winterbottom has shown that the phase effect can introduce 
a constant error of up to 220AIJ. A value for the refractive 
index must also be assumed if a direct comparison of this 
kind is to be carried out,
An alternative method of using interference colours 
has been described by Yermilyea (5) in his work on the - 
anodic oxidation of tantalum. In this method films were 
formed under standard conditions (2.5*5) their thickness 
found gravimetrically, assuming a value for the density of 
the film equal to that of bulk T a ^ .  These films were 
then used as direct comparison colour standards in subsequent
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experiments. It is stated that differences in film 
thickness of 8AU were generally detectable, but this limit 
varied between 30AU and 2AIT in different parts of the 
spectrum.
All colour methods suffer from the disadvantage that 
as the film thickness increases more absorption bands enter 
the visible spectrum, so that after the first two orders the 
colours become less saturated, and may finally become obscured 
completely.
Owing to the reduced reflection coefficient when an 
oxidised specimen is viewed under the surface of an 
electrolyte, there is often an apparent change in its colour 
due to the loss in saturation. This prevents the colour from 
being compared directly with a calibrated film unless this 
also is immersed. With uranium it was found that test strips 
slowly changed colour in air owing to oxidation, and it was 
undesirable to immerse them in an electrolyte owing to the 
possibility of corrosion taking place,
b) Absorption spectrophotometry
This is essentially an extension of the interference 
methods described above, in which white light, after 
reflection from the film covered metal, is allowed to pass 
into a spectrophotometer. In this way a ’channelled* 
spectrum is formed, interference in the oxide being shown by
- 6 0 -
dark absorption bands whose wavelength can be 'accurately j
located. This enables the film thickness to be found.
!■,
The method has been used by Constable and by Waber et al i
(31,32); Vermilyea also used it to confirm his gravimetric 1
results,
Since this method was not readily adapted to continuous
■
measurement during anodising and required the use of 
specialised apparatus, it was not considered suitable for 
the present work.
j:!
0) Polarised light methods
Tronstad (33) has applied this method to a determination 
of the thickness and optical properties of the passive films |f
formed on iron in nitric and chromic acids. Plane polarised [ I ;
light was allowed to fall on an optically flat specimen, and |
the elliptically polarised light reflected from it was 
analysed. This was done first, using film-free metal, to
find the value of the optical constants n and k, and then
.
with passivated metal. By using Drude*s approximation, the 
thickness and constants could be found. The method was j
later extended by Winterbottom (34) to include thick films
/ • .'j
for which Drude*s approximation was no longer valid, ]
Vifinterbottom showed also that this data could be used to 
calculate the exact thickness of the 'fi^m at . a maximum or |
minimum of interference, and also calculated the reflectivity ij
at oblique incidence for some oxide-metal systems as a 
function of thickness.
The use of these methods requires special apparatus 
for accurate results, and could not readily be carried out 
during anodising owing to the time required for each 
determination# It was considered that for the special case 
of uranium, however, a simple technique based on the 
measurement of normal reflectivity might be used to determine 
the film thickness during anodising, provided the optical 
constants could be found by a separate polarised light method. 
This method is described below.
2.5*6 Reflectivity measurement in the study of anodic oxidatior.!
I:
It is clear that some of the difficulties associated j;
with colour estimation when interference is caused by white 
light, can be overcome by using monochromatic light* 
measuring the intensity of light reflected from the specimen, ;
it is possible to locate successive maxima and minima |
accurately and, if the refractive index of the film and 
the phase term are known at this. wavelength, the corresponding 
film thickness can be found. Unfortunately it is no longer 
possible to interpolate between the maxima and minima, so that j
the method is discontinuous# If, however, the optical !
constants can be determined independently, the whole intensity j:
curve can be utilised by calculating the reflectivity of the I;
film coated metal as a function of film thickness, using the 
four constants O M O metal and (n >k)oxide, The calculation 
can be further simplified by using normal incidence.
The optical constants of uranium can be found using 
a polarization spectrometer with suitable means for 
analysing eliptically polarised light, as described by 
Drude (35) and Winterbottom (36), and constants for the 
oxide determined by experimental fitting. It has been 
observed, however, that a brown absorbing film is formed 
during anodic oxidation in ammonia. If it can be shown that 
this is completely absorbing, i.e. that no light penetrates 
to the metal and out again, the film coated metal is then 
equivalent to a sample of bulk oxide whose constants can then 
be determined exactly as for the metal. This has been 
verified for thick films, enabling the curve to be calculated.
a) Measurement of optical constants
The optical constants of uranium and of the oxide 
film were determined using a polarising spectrometer fitted 
with a Babinet compensator. Monochromatic light (X5770,5793) 
from a mercury source was plane polarised, after being 
collimated, and allowed to fall on a uranium specimen fixed 
vertically to the prism table, with the plane of polarisation 
at 45° to the plane of incidence. The elliptically polarised 
light reflected from the specimen then entered the Babinet
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compensator which had previously been calibrated and was 
set to introduce a phase change of 90° between components in 
and perpendicular to the plane of incidence. By varying 
the angle of incidence the polarising angle 0 was found,
1r
At this angle the reflected components differed in phase by 
90° and the resultant ellipse had axes in and perpendicular 
to the plane of incidence. The light leaving the Babinet 
compensator was thus plane polarised, and by rotating the 
analyser the azimuth of restored polarisation, ¥* 9 was 
found. Wood (37) bas shown how these results can be used 
to find the optical constants. He gives the following 
exact equations?
and = ^1 - sin220pSin220p- ( 1 - 2sin20^sin22yp)
yi" - sin220pSin22 /A ( 1  -^sin"0pSin"20p  ....  (2)
also
n^ k-, = tan20 sln^0 sin2yicos2)^ 3 *......... ..... (3)
y y y ir
and ;L
n,k^ = k
The uranium specimens used in these determinations 
were alternately groimd and electropolished until a bright, 
flat surface was obtained which enabled a sharp image of the 
collimator slit to be produced at the eyepiece of the
\ i
spectrometer. Specimens were taken from the electropolishing j
■ j'
bath, rinsed, dried, and transferred to the prism table J
within one minute. The values of 0^ and were not found |
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to change during the course of measurement, and ten 
determinations were made on each specimen* After 20mins, 
the constants were found to be the same, suggesting that no 
appreciable oxidation had taken place during the measurements.
The experimental results obtained on 12 specimens 
are shown in Table 2 , 5 * each of the values given 
representing the mean of 10 measurements. Values of 0^ and 
y-p for an abraded specimen are also given.
Using equations (1) and (3) above, the following 
values for the optical constants of electropolished uranium 
were found s
n s= 1,50 k s= 1.87
Uo'account has been taken In the present work of the thin 
oxide film which almost certainly forms on the metal during 
or immediately after electropolishing, so that the values 
for' the above constants are probably not exact. Since the 
thickness of this film is unknown the magnitude of the error 
cannot be determined, but if it is assumed to be 50 to 100A.U., 
it is possible to show that the effect on the calculated 
reflectivity curve will be small.
Oxide coated specimens were prepared by anodising 
freshly electropolished specimens in 5^ ammonia solution at
p
a current density of 2mA/cm • The final voltage reached was 
200V, These films were chocolate brown in colour, and no
Polarising angle (0p) an(3 Azimuth of restored 
polarisation 0^) (each mean of 10 determinations) 
for electropolished and anodised uranium
Table 2.5*1 
Electropolished Uranium
0
* 'p
74° 32' 32.1°
74° 31' 31.9°
72° 36' 31.5°
73° 41' 32.8°
73° 3' 32,9°
73° 32* 31.6°
74° 18' 32.4°
73° 56' 32.5°
,73° 23' 31.7°
75° 46' 31.3°
73° 50' 31.2°
73° O' 32.7°
73° 41' 32.1°
Abraded Specimen
*P
70° 41*
p 27.2°
Mean
Table 2*5*2 
Anodised Uranium
0
H? y'v
61° 53' 5.7° ;
62° 31' 5.6°;
62° 44' 5.1° :
62° 7' 5.1°
62° 49' 5.4°
62° 25* 5.4° 1 Mean
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trace of metallic sheen was visible. It was therefore
assumed that the oxide layer was completely absorbing, A
reasonably sharp image of the collimator slit was still
obtained, and the polarising angle, 0^, could be determined
accurately owing to the rapid phase change which took place
at this angle. The value of Vi was less easily measured
y
owing to the low intensity, Five different specimens were 
examined, ten determinations being carried out on each, and 
the results are given in Table 2*5*2*
The following values for the optical constants of the 
anodic film were calculated using equations (1) and (3)f above % 
n = 1.88 and k s 0,279
It was found that the red oxide which resulted after
prolonged anodisation gave similar results.
The rapid phase shift noted above was typical of a 
dielectric film. It was also found possible to use an 
analysing nicol to carry out Brewster angle determinations 
on the oxide. These facts suggested that no light was 
reflected from the metal, and this was substantiated by using 
the value of the absorption coefficient found experimentally
to calculate its magnitude for an anodic film 7000-1.U. thick.
b) Calculation of theoretical reflectivity curve.
Using the constants obtained, it is then possible to 
calculate the amplitude of light reflected normally from the
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surface of the film covered metal as a function of film 
thickness, A derivation of this expression is given in the 
literature (27)# It is shown thats
±0o -2 '/a
Ar _ koe + kle ,e
A . ■  ;---------------------------------
(4)
1 + kok^e^< 0o+ ^l) . e“ ]^f^
where A„ is the reflection coefficient, k e^o and kne^l, the jr ? o l 1
reflection coefficients at the electrolyte-oxide and oxide-
metal interfaces respectively, and where^, the propagation
constant, is given b = i$ • o<s 211.k , and = 211,n
X X
Since it v/as proposed to carry out measurements during 
anodising the refractive index of the electrolyte was taken 
to be 1.33# The value for ammonia solution does not depart 
from this by more than 1% up to a strength of ION,
Substitution of the experimental values in the above 
expression gives the following resultss
(i) Specimen immersed in liquid, n = 1,33 
kQei^o =0,192 / 138° ( OP in Fig,2.5#l)
kiei!2,l = 0,559 I 124°
k k^e1 <*o + = 0.107 i 272°0 1
(ii) Specimen in air (included for reference purposes)
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k ^ e 1 «*o+<*l> = 0.175 Z 292°
The' expression for reflected intensity becomes very 
complicated analytically, and for this reason the amplitude 
has been plotted to scale and intensity determined from this,
Prom (4), above, it can'be seen that the numerator 
corresponds to a decaying spiral to which is added a constant. 
This has been plotted to scale in Fig.2.5*1- in terms of phase 
and amplitude, and the reflected amplitude (A) determined for 
each increase of 100A.U. in film thickness. The values 
obtained are shown in Table 2,3*3#
The denominator of (4), which corresponds to the 
effect of multiple reflections within the film, can be plotted 
in a similar way, and the values which have to be applied to
correct those of Table 3 a**© also given in Table 2.3*3#
*
The complete reflectivity-thickness curve is shown 
in Pig,2.5.2. It can be seen that the amplitude of 
oscillation decays rapidly as the film grows in thickness, 
finally approaching a constant value corresponding to the 
bulk oxide. On the same figure a plot of interference order 
with film thickness shows that points at which maxima and 
minima occur do not all lie exactly on a straight line due 
to the effect of absorption in the oxide.
-69-
Table 2*5*3 Calculation of Formal Reflectivity 
Phase terms
iArrnd ~ 2rci per order .*,<3 = A = 1320 A* TJ, per order
* o 2n. #.100A*U. represents a 23*7 rotation of the radius vector.
Absorption terms ATfkd = A^k per order
A 2n .
* % exponent increases by 2 *rr .k = 0.0606 per 100 A.TJ.
Film
thickness
(d)AUxlOO
0.56e-°-0606a 
x20 (cm)
0 X-L
Measured 
Amplitude 
A (cm)
Reflec­
tivity
( »
Correc­
tion
term
Corrected 
Reflecti­
vity (%)
0 11.20 1A.3 31.0 1.00 51. o
1 10*33 12*9 A1.3 0.9A AA.O
2 9*90 11.1 30*6 0.88 3A.6
3 9.21 9*0 20.3 0.88 23.0
A 8.78 7.1 12.5 0.85 1A.8
3 8.26 3.A 7.2 0.87 8*3
6 7.77 A.2 A.3 0.90 A.8
7 7.33 A.l A.2A 0.96 A.A
8 6.89 4.9 6.0 1*02 - 3.9
9 6. A 9 6.1 9.2 1*06 8*7
10 6.10 7.2 12.8 1.10 12*0
ll 3.73 7.93 13*8 1.10 1A.A
12 3.A1 8.A8 18.0 1.08 16.7
13 3.09 8 * 6 18. 6 1.06 17.3
1A A.78 8.A 17.6 1.0A 17*0
13 A.50 7.9 13.3 1.00 13*3
16 A.2A 7.1 12.3 0*98. 12*7
17 A « 00 6.0 9.0 0.8A 9*6
18 3*76 A.7A 3.6 0.9A 6.0
19 3.3A 3 A 2*9 0*92 3*2
20 3.3A 1.98 0,91 0.9A 1.1
21 3.1A 0.71 0.13 0.96 0.1A
22 2.96 1.1 0.30 —
23 2.78 2.A l.A 1*00 l.A
2A 2.63 3.A 2.8 negl. as col.A
23 2.A6 A*2 A.3
26 2.30 A*9 6.0
27 2.18 5 A 7.2A
28 2.06 3.6 7.8A
29 1.92 3.6 7.80
30 1.81 3.3 7.13
31 1.70 A. 9A 6.1 ■
32 1.61 A.A A*8
33 1.31 3.8 3.6
3A 1.A1 3.2 2.23
58 1.26 2.AA 1.A9
37 1.19 2.A2 1,A6
39 1.06 3.2 2.23
AO 0.996 3.62 3.28
A3 0.83 A.37 A.79
A7 0.6A 3.90 3.8
32 O.AA 3.17 2.33
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o) Apparatus
Measurements of absolute reflectivity on film coated 
metals do not appear to have been described in the literature,. 
However, in studies carried out using films formed on a 
transparent substrate, 08), it has been found necessary to 
use an optically flat specimen and some form of spectrometer 
mounting in order to measure the intensity of both incident 
and reflected light. In the present work, therefore, it 
was decided to measure relative values of reflected intensity 
only, using a photoelectric cell, and to use the maxima and 
minima of interference to fit the experimental and calculated 
curves. Since anodic films of the insulating type are 
generally uniform in thickness, owing to the conditions of 
their formation, and since no appreciable deterioration of 
the surface takes place with film growth, this method should 
be effective. A suitable apparatus was therefore constructed 
for this study.
Preliminary experiments showed that to obtain a 
suitable photo-current using a standard selenium cell, a 
source of high intensity, such as a mercury arc was required. 
To utilise the available energy efficiently it was decided 
to use the orange doublet '(A 5770,5791 ) of the mercury 
spectrum which contains twice the energy of A 5461. The 
wavelength difference of 21A.TJ. was not expected to affect 
the experimental results.
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The apparatus designed and constructed for these 
measurements is shown in fig.2.3*3* Light from a high 
pressure mercury arc (1) (Philips MBL/TJ) was rendered 
converging by the condensing lens (2) and, after passing 
through Kodak fQ! and 808 filters, was brought to a focus 
on a small mirror (3) mounted inside the main tube (4) at 
43°• Prom this it was reflected as a diverging beam through 
the plano-convex lens (3) which also formed the front of the 
anodising cell (6), and after reflection from the specimen 
(7) (placed behind the lens) was again transmitted through 
the lens and passed down the tube as a parallel beam to fall 
'on the photoelectric cell (8). The angle of incidence on 
the specimen was calculated to be about 3°« A second tube 
(9)s contained a filter, 43° white diffuser, and another 
photoelectric cell (10). Light was transmitted to this 
tube from the mercury lamp via a variable shutter (11).
The two photo-cells were connected in opposition and the 
shutter then used to back off any extraneous light entering 
the main tube.
Telescopic brass tubing was used to make the tubes 
and detachable cell holders. In order to be able to carry 
out measurements in daylight the following precautions were 
taken to reduce the effect of scattered light. The insides 
of the tubes were painted matt black, and the back of the 
mirror shielded. A honeycomb structure, also blackened
Fi
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inside, limited the field of view of the cell and rendered j 
it less sensitive to d'iffuse light entering the tube, A | 
one inch diameter diaphram Yms fitted at the end of the tube, j
ii
The main tube was mounted on Vee supports, so that it could,
if desired, be removed during anodising and then replaced in
the same position. Levelling screws were fitted to the base,:
% {
The anodising cell was constructed of polythene, .
Inside it a centrifugal stirrer was fitted in order to obtain | 
a controlled flow of electrolyte upwards and around the
specimen. The cell is shown in fig,2,5*4. The piano- I
convex lens forming the front of the cell was cast in a j
rectangle of Araldite, which was then welded into the cell. i
Specimens were supported in position by a glass lead-in tube
!
passing through the polythene lid, which was a push fit in 
the cell, A ring of platinum wire served as cathode,
The electrical circuit is shown in fig,2*5*5* and was 
designed to enable the two controls, ??Sensitivity” and 
”Back off”, to be adjusted independently.
To measure reflected intensity it was essential that 
the intensity of the source should remain constant over long 
periods. It was found experimentally that a 1% change in 
mains voltage caused a 5% change in intensity of the mercury 
arc. However, when the supply was obtained from a constant 
voltage transformer this variation was reduced to 1% for a
®76«
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4% mains fluctuation, which was considered satisfactory for 
this work# The lamp was found to require 15 mins. to 
reach stability, and its output was then steady within + 1% 
over long periods.
Sensitivity
i
I
photo­
cell(8) ax
100
/lOui. 
\ fsd
jphoto- 
cell 
(10) 100
AAA
100
Fig. 2.5*5 Electrical circuit
Megatron Type photoelectric cells, 35™* in- 
diameter were used in this apparatus. The makers stated 
that under the experimental conditions no.fatigue would 
occur and that the response would be linear. This has been 
verified experimentally.
The completed optical apparatus and the experimental 
arrangement used during anodising is shown in fig.2.5*0.
d) Use of optical apparatus *
An electropolished specimen was inserted in the j
correct position behind the lens. The levelling screws were | 
then adjusted until, on looking down the main tube, with the I 
photo-cell and holder removed, a specular reflection was 
obtained from the specimen over the whole field of view, j
The photocell was then replaced and the position of the !
specimen adjusted to give a maximum galvanometer reading, |
after which the shunt (1) was used to give full-scale 
deflection (140mm). A control specimen, made by attaching 
a one inch disc of black velvet thoroughly soaked in water 
to a suitable mount, was then inserted in the cell. This i 
acted as a perfectly absorbing specimen, and adjustment of j
; _ j
the shunt (2) to give zero deflection fixed the zero of the [ 
intensity scale. This procedure, using both electropolished [ 
and black specimens, was then repeated. The residual [
deflection obtained after removing the latter (3™ )  was noted 1 
and used in all subsequent work as a zero setting.
The general procedure, therefore, assuming the shunts ; 
to have been already approximately adjusted, was first to [ 
adjust shunt (2) to give 3nim* deflection, and then to insert 
the specimen and rotate it to give maximum deflection, 
finally using shunt (1) to give full-scale deflection. The 
intensity then starts from zero at Omm. and is measured on 
an arbitrary linear scale on the galvanometer.
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The use of this apparatus for the anodic oxidation 
of uranium will be described in Section 3*1* It was also 
considered of interest to carry out a few experiments using 
tantalum and aluminium in order to see whether the method 
could be applied to other metals.
Tantalum sheet was chemically brightened and 
anodised in a 1% solution of AnalaF sodium carbonate. Since 
the polythene cell was not suitable for unmounted specimens, 
anodising was carried out in a beaker, and, although the 
available intensity was reduced, it was still possible to 
measure the reflected intensity. Intensity-time and voltage- 
time curves are shown in fig.2.5-7* Periodic changes in 
intensity were observed, as could be expected, and the 
amplitude of oscillation remained almost constant, showing 
that very little absorption had taken place within the film. 
The intensity of both maxima and minima gradually increased, 
however, possibly as a result of a change in the metal surface!
Assuming the refractive index to be 2,42 (32), the
p
rate of film growth at 2mA/cm was found from these curves 
to be 15A.P./V (equivalent to 14,6A.U./V at 0,lmA/cm^),;
This is in agreement with the value 14,5A.TJ./V given by 
Vermilyea (5)*
The intensity curve for aluminium has also been 
obtained. Chemically polished super purity aluminium sheet
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Fig.2.5.7 Intensity and Voltage-Time Curves
for Tantalum
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was anodised in 1% ammonium borate solution at a current
low (nCOrunduiri “ and that of the metal high, no visible
changes in intensity occur, and in white light no interference 
colours are visible* By turning shunt'(1) to maximum and 
using shunt (2) to bring the galvanometer spot back on to 
the scale, it xvas possible to obtain maximum sensitivity.
The resulting intensity curve is shown in fig,2.5*8* This 
shows that the intensity of both maxima and minima increased 
during anodising and that there was no absorption in the 
oxide, and suggested that the reflectivity of the metal
t
also increased. This curve was reproducible. The growth 
rate was found to be 12A,U./V which is in good agreement 
with published values of 12,5 (39) and 11,8 (40),
It appears, then, that this method can give accurate 
results, even using only the maxima and minima of 
interference. The sensitivity is also high and at a
p
current density of 2mA/cm these points could be located to 
within 2secs., corresponding to 20A,U. The chief limitation 
of the method is that the thickness of a given anodic film 
cannot be determined.
2 Since the reflectivity of the oxide is
SECTION 5
EXPERIMENTAL
The techniques for anodising and studying the 
kinetics of film growth, which have been described in the 
previous section, permitted a systematic and exact study of 
the anodic oxidation of uranium.
In this section an account is given of preliminary 
experiments carried'out using the methods previously 
described.
Three different purities of metal have been used in 
this investigation, two of which were not available until 
a late stage of the work, and since each has been found to 
give significantly different results, it has been thought 
desirable to discuss separately the formation and properties 
of films produced on each of these materials. Results for 
Metal *A* are therefore given in 3*1 to 3*4 and those for 
Metal fB ? (high purity uranium) in 3*5 to 3*9* Metal *C* 
is considered briefly in 3*10*
A full review of gravimetric and kinetic studies 
carried out using these metals is given in 3*11 and 3*12,
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3*1 Anodic oxidation of uranium tA t in ammonia
The result of a typical experiment in which uranium 
was anodised at constant current is described in this section 
as a preliminary to a more detailed account of the main 
experimental work given in 3*12, Consideration is given to 
other aspects of this work, such as film composition, 
properties, and the conditions for reproducibility in 3*2,
3#3 and 5,4,
A mounted uranium specimen was first ground on 0 grade 
emery and then electropolished using brush agitation, at a
p
current density of 0,6A/cm f until a bright flat surface was 
obtained. After rinsing in distilled water the specimen was 
transferred to the polythene cell described in the previous 
section, and adjusted to give full-scale galvanometer 
deflection. It was then anodised at a constant current 
density of ImA/cm in an electrolyte consisting of ION 
ammonia solution, prepared by diluting AnalaR ,880 ammonia 
with distilled water, with the centrifugal stirrer in 
operation. The pen recorder was used to record the cell 
voltage as a function of time, and the galvanometer deflection 
noted every 30sec,
A typical experimental result is given in fig.3*l*l*, 
which shows both voltage-time and intensity-time curves.
The following features were observeds
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The voltage-time curve showed an induction period 
during the first minute of anodising, during which the 
voltage rose only slowly. This stage was accompanied by 
gas evolution from a few localised points over the surface 
of the specimen. The shape of the intensity curve suggested 
that the rate of film formation was also reduced during this 
period, which therefore appeared to correspond to formation 
at reduced efficiency,x
After the induction period there was a steady rise in 
voltage up to 156V, after which film breakdown occurred 
accompanied by oxygen evolution. Some deviation from 
linearity was noted at about 50V, and observation of the 
specimen during anodising showed that gas commenced to form 
just below this voltage and was evolved continuously 
thereafter,
35
The duration of this induction period was shorter 
than that observed in a previous experiment (and which lasted 
for approximately five minutes), where specimens were ground 
on 0000 emery before anodising instead of electropolishing. 
This effect might have resulted either from surface disorder 
or from contamination of the surface by grinding, Vermilyea 
(6) has shown that gas formation results when the surface of 
chemically polished tantalum is scratched with a diamond prior 
to anodising, and thus favours the former explanation.
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\
The intensity curve, while it showed the periodic 
oscillations expected, differed in shape from that calculated 
using the optical constants. In figs.2.5-2 and 3*1*1 it can 
be seen that whereas the effect of absorption on the 
theoretical curve was to reduce the amplitude of oscillation 
rapidly and uniformly, the shape of the experimental curve 
suggests that no appreciable absorption took place until the 
film thickness exceeded V/2 orders of interference, After 
this the amplitude dropped more rapidly, showing that 
absorption had increased,
*
From the way in which the intensity decays, it would 
appear that after a critical thickness is reached at about 
V/z orders, the rate of formation of the transparent initial 
layer decreased or ceased entirely, and the absorbing layer 
then started to form. Visual observation of the surface 
during anodising confirmed that the initial film wastransparent^ 
giving clear interference colours, but a little absorption 
was noticeable after the second order purple interference 
colour was reached. This was accompanied by a green 
fluorescence of the surface, which at the same time began to 
scatter light, showing that the siirface roughness had 
increased. In specularly reflected light, bright 
interference coloiirs were still visible, but diffuse 
illumination showed that some light, red in colour, was 
scattered from the surface. It appears probable, therefore,
that W o  distinct layers may form on uranium, one transparent 
and one absorbing, and that the absorbing film forms at the 
oxide-electrolyte interface.
Owing to the changes which take place in the properties
of the film during growth, the continuous measurement of film
thickness by direct comparison of the theoretical and
experimental intensity curves is no longer possible. The
calculation of reflectivity for a film of this type would be
extremely complicated. However, the maxima and minima of
interference still represent known values of optical
thickness, and if the refractive index of the initial
transparent oxide could be measured, would enable the film
*
thickness to be found. Experiments are described in Section 
3*9 in which multiple beam interferometry was used for this 
purpose, these show the transparent layer to have a refractive 
index of 1.94, which is comparable to the value found for 
the absorbing oxide, 1.88. It appears, therefore, that 
this method using the minima and maxima of interference 
should be satisfactory for estimating film thickness.
Eigure 3*1*1* also shows a plot of interference order with 
time; this is linear up to a thickness of two interference 
orders (corresponding to 3000 A.TT.), after which the slope 
decreases corresponding with the commencement of gas 
evolution from the anode. Points corresponding to 0.23 
order, obtained by taking the mid-point between each maximum
and minimum, are also plotted and are found to lie on this 
curve. Further interpolation can only be carried out 
approximately, either by assuming a linear change in thickness 
with intensity between the maxima and minima, or by an 
empirical method assuming that linear film growth takes place 
be Ween each maximum and minimum.
It may be noted that this change In film•properties 
with thickness would also be expected to invalidate thickness 
measurements carried out by any of the other methods 
previously described, such as gravimetric or capacitance 
determinations.
During these initial experiments it was found that 
the intensity curves obtained by forming films under identical 
conditions differed slightly in shape. There was some 
variation in the amplitude of interference maxima, and the 
thickness plot was also observed to be displaced along the 
time axis. These effects were attributed to the formation 
of oxide films having different thicknesses owing to 
variations in the time of preparation of the specimens.
This has been considered more fully in 3.4.
The concentration of the ammonia solution used as 
electrolyte was also found to influence the course of 
anodic oxidation; in IN ammonia, films could be formed to 
approximately 70V only, while in 0,880 ammonia, the voltage
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rose to a maximum of 290V. With concentrations less than 
IN, anodising above a few volts resulted in breakdown 
and the formation of pits. A range of experiments carried 
out using different concentrations of ammonia is described 
in 3.12*
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3 + 2 Film composition and structure*
Electron and X-ray diffraction studies .were carried 
out to determine the composition and physical structure of 
the anodic films formed using ammonia solution, and to 
compare them with those formed in ammoniated glycol*
Previous investigations (41) have shown that, with few 
exceptions, insulating oxide films formed anodically on 
metals have an almost completely amorphous structure, giving 
only diffuse haloes when examined by electron diffraction.
For example, Vermilyea (3) showed this to be so for films on 
tantalum, and further showed that on heating to between 300 
and 800°C for an hour they re-crystallised to give a sharp 
diffraction pattern corresponding to Ta^O^ Anodic films 
reach a limiting thickness, which may be only 6000-10,000A,U., 
after which breakdown occurs, and since their removal from 
the metallic substrate is often impossible, chemical and 
gravimetric methods are of limited use in determining the 
composition. Also the properties of the amorphous material 
may bear little resemblance to those of the corresponding 
crystalline oxide.
Diffraction methods, therefore, probably represent 
the only suitable way of assessing film composition and, in 
addition, of giving some idea of the oxide structure,
3.2,1 Electron diffraction.
Since the electron beam grazes the surface of the
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specimen at? less than 1 it was not possible to use mounts 
in this work. Specimens were in the form of 1” diameter 
discs, carefully ground flat and electropolished with brush 
agitation. Great care was taken at all stages to avoid 
contamination of the surface, particularly by grease. 
Specimens were anodised and examined in the Chemical 
Engineering Dept, of Imperial College, London, Table 3*2.1 
gives the conditions under which films were formed and a 
summary of the results obtained.
Table 3*2.1
No Electrolyte Formation 
' Voltage
Result
1 30g.ra5/i
glycol
6.3V Diffuse halo pattern of UOp 
cf, Ref,11
2 ION ammonia 10V Identical pattern to (1)
3 ION ammonia . 100V Similar pattern, but sharper 
and with greater background
4 ION ammonia 18V When heated 45iain. at 100°C, 
sharper UO^ pattern observed
v ' It was concluded that the pattern obtained from a 
film formed in ammoniated glycol at room temperature to
about the plateau potential was exactly comparable to those 
published by Flint (11). Diffuse haloes corresponding to 
the 111, 200, 220, 311 and 222 diffractions of UO^ were 
visible. The films formed in ammonia gave identical patterns
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to the glycol films, both at 10V and 100V, There was some
increase in. the background scatter with the thicker film and 
the lines appeared to be sharper, indicating that the 
surface roughness and the crystallite size respectively had
increased. No preferred orientation could be observed in
any pattern. The crystallite size of both the low voltage 
films was estimated from the breadth of the haloes to be 
10-15 A.U. This was found to increase on heating the
films in air at 100°C for 45 minutes. Similar effects have
been observed (11) on leaving films formed in glycol to 
stand in air for 24 hours.
In the patterns shown by Flint (11) additional 
lines were sometimes observed, most of which have 
subsequently been identified as characteristic lines of 
carborundum, probably introduced during abrasion of the 
surface, but these were not observed in the present work 
where the surface was electropolished. One additional halo 
corresponding to a spacing of approximately 4.5 A.U. has 
also been observed in both studies and has not been identified; 
this may, however, correspond to a weak diffraction of 
which occurs at 4,35 A.TJ. (42),
Owing to the rapid absorption of the electron beam 
on passing through the oxide, its penetration into the 
anodic layer is probably of the order of 50A.U., so that
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the pattern obtained is representative of the surface 
layer only.s The UO^ structure observed, however, probably 
corresponded to that of the bulk of the film, since any 
higher oxides would be expected to form at the oxide-air 
interface rather than in contact with the metal and would, 
unless amorphous, give rise to a characteristic pattern.
To carry out a more systematic investigation, and 
one relating to the bulk of the film rather than to its 
surface layer, attempts were next made to use X-ray 
diffraction for an examination of the anodic film. This 
technique had the advantage that the specimen was not 
subjected to vacuum conditions or to localised electron 
bombardment, so that there was less possibility of modifying 
the film structure either by removal of water of hydration 
or by local heating. Also, thicker films could be examined, 
which would otherwise have caused excessive background 
scatter' owing to their roughness*
3.2,2, X-ray diffraction 
Experimental
In general, X-ray diffraction is found to be less 
.suitable than electron diffraction as a method of studying
s Hart (18) has noted that uranium lines are never
seen, even using freshly electropolished surfaces, due to 
the thin oxide film which forms on the surface.
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j
thin films on metal owing to the presence in the pattern of | 
the characteristic lines of the metal substrate. . When the 
film is very thin the intensity of these lines may be I
sufficient to mask those of the film. A comparison of |
the published patterns for IJOp and U showed, however, that j
i
i
provided a sufficiently thick oxide film could be formed, a 
positive identification of the most intense lines of the 
UOp pattern should be possible. By prolonged anodising it 
was found that films could be formed to a maximum voltage of |
i
350V* Assuming the rate of growth to be 40A.U/V during i
!
formation, this voltage would correspond to a thickness of j
1.5 microns which would then represent 15% of oxide when
formed on foil 20 microns thick. Etching this foil to i
I
reduce its thickness would enable a still greater ratio to I
i!
be obtained. * 9 j
j
The first experiments to be described were carried j
out in a 9 cm. powder camera using the Kc< radiation of copper. 
In order to obtain patterns of uranium metal strips of 20p. 
uranium foil, 1cm. x ,5mm., were electropolished and 
immediately inserted in the camera. Other specimens of 
foil were first given a prolonged etch in nitric acid, to 
reduce the thickness until they were just self supporting, 
and then anodised to the maximum formation voltage.
Preliminary experiments showed that it was essential to cut 
specimens from the foil in the same direction otherwise
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spurious intensity changes occurred owing to preferred 
orientation in the rolled foil, which interfered with the 
analysis,
The results obtained showed general fogging, owing 
to excitation of the soft radiation of uranium and to 
camera scatter. This was reduced considerably by placing 
0,8 thou, aluminium foil in contact with the film to act as 
a filter, but was still troublesome at low diffraction angles.
On comparing the photographs for anodised specimens 
with those for electropolished uranium, it was found that 
broad diffraction maxima corresponding to the most intense 
UOp lines were visible. These were very weak when the 
film was exposed in the camera immediately after anodisation, 
but after 24 hours delay at room temperature a sharper 
pattern was obtained; this became even more sharp when a 
similar film was heated to 100°C for 24 hours. Results 
obtained with a recrystallised film showed the 111, 200,
220, and 311 lines of POp.
In order to reduce the background level, and thus |
• |
increase the contrast, and also to increase the effective [
j
path of X-rays in the oxide, a glancing angle technique was [
i
next used, in^which strips of anodised uranium foil j
1 cm. x 0,5 cm. were orientated at 15 to 20° to the j
collimated X-ray beam. Using the powder camera, without
rotation, the diffraction lines were found to be broadened 
owing to the width of the beam. These experiments were 
therefore repeated using a 5.7 cm* radius oscillation 
camera which gave a fine beam and also enabled the glancing 
angle to be set with accuracy. The background level, 
using film having a black paper cover, was reduced 
considerably.
Results.
A series of photographs obtained in this way is
shown in Rig.3*2.1, (a) to (e). Comparing figures (b),
(c), and (d) with figure (a), it can be seen that the UO^
pattern, which in figure (b) is very weak, gives a broad
diffraction characteristic of an amorphous material35 which
becomes sharper on standing in air at room temperature for
o48 hours, figure (c), and clearer after heating at 100 C. 
for 43 minutes, figure (d). Rilms formed at 30V. in 
ammoniated glycol gave similar patterns to those shown, and 
exhibited the same ageing effect.
Rigure (e) shows the pattern obtained immediately
2£ An amorphous pattern is obtained when the limit of
resolution is reached for the particular radiation used. 
This resolution is greater for electrons, which at 30k V 
have an effective wavelength of 0.23AIJ , than for the Eo< 
copper radiation which has a wavelength of 1.3 A.U.
Rig. 3*2.1 X-ray Diffraction Results
(a) Uranium (b) Anodised Uranium
(c) Anodised Uranium (d) Anodised Uranium
(after standing 48 hours) (recrystallised 43min. at 100 0)
(e) Uranium Anodised at (f) UOp precipitated
High Current Density. from salt solution
(g) Thermally prepared UOp
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after anodising at a high current density (3mA/cm )? this 
shows very clearly the broad 111 diffraction, and suggests 
that changes take place in the structure of films formed at 
high current densities, possibly through heating effects.
A.comparison pattern of powdered UOp, which also 
contained some impurities, is shown in figure (9).
i
Ageing of hydrous UOp
There was a close analogy between the ageing 
properties of the anodic films and those of a colloidal 
precipitate of hydrous UOp which was obtained by adding
Ai
ammonia to a solution of uranous (U ) chloride. f This 
precipitate was green in colour immediately after formation 
and readily soluble in acids, but rapidly turned brown on 
standing in air, and became insoluble. In the literature 
(43) it is stated that U^Og hydrates are formed in this way. 
A diffraction pattern obtained from this precipitate after 
boiling and filtering is given in fig.(f), and shows lines 
corresponding to small crystallites of UOp only. Similar 
but sharper patterns were obtained after ageing for one 
week. It appears, therefore, that the colour change 
observed was due to an increase in crystallite size only 
and that higher oxides were not formed. It will be shown 
in 3*3 that ageing also affects the solubility of the 
anodic oxide films in acid solution*
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0 one lus ions
This study has shown that anodic films formed in 
both ammonia and ammoniated glycol have a similar , 
composition and physical structure. In each case a 
UOp pattern is obtained and ageing phenomena are observed 
in which the crystallite size increases on standing.
Only in electron diffraction has an additional line been 
observed (4.5A.U spacing), suggesting that there may be 
some higher oxide present on the surface of the film.
This has not, however, been observed in the X-ray studies, 
even using very thick films. The exact composition of 
anodic films on uranium cannot be determined, therefore, 
by these methods alone owing to the possibility of amorphous 
material being contained in the film. Several amorphous 
forms of the higher oxide UO^ are known to exist (44).
3*3 Physical and chemical properties of the anodic film
The electron and X-ray diffraction experiments 
carried out in 3*2 showed that the anodic films consisted 
of an unstable modification of UOp which aged on standing 
to form crystalline UOp. It was considered of interest, 
therefore, to determine whether this change In structure 
was reflected in the physical and chemical properties of 
the films* A microscopic examination of the film surface 
has been carried out, and the observation that a small 
quantity of gas was evolved on dissolving the anodic films 
in acid has been investigated.
3*3*1* film ageing
/
Anodic films formed in ammonia (and in ammoniated 
glycol) were found to dissolve readily in dilute sulphuric 
acid if treated immediately after anodising. In 10% 
sulphuric acid for example, dissolution was complete in 
3 to 10 seconds, the interference colours appearing in 
reverse order until the metal had regained its original 
silver colour. There was no visible deterioration of the 
surface. If, however, the film was allowed to stand in
air for an hour or more before treating with acid, it no 
longer dissolved completely and a residual interference 
colour was observed. The thickness of this residual film 
was found to increase as the time between film formation and
-1 0 1 -
acid dissolution increased. This film was insoluble in' 
acid and gave an X-ray diffraction pattern showing diffuse 
UOp rings. It therefore appeared that this effect might 
have corresponded to the ageing observed in 3*2*
Exposure of anodic films to air for some time 
resulted in a gradual change in interference colours 
corresponding to film thickening. This suggested that 
further oxidation of the metal was taking place in addition 
to film ageing.
To measure these two effects and to determine whether 
or not they took place independently, the following 
experiment was carried out. Uranium specimens were anodised 
to different voltages and their thickness determined.
They were then kept in air at 20°C. and any change in colour 
noted. In addition a small area of each film was 
periodically treated with 10% sulphuric acid for 13 seconds 
and the colour of the residual film noted. figure 3*3*1 
shows the change in thickness of the original films as a 
function of time. Erom this it appears that the rate of 
oxidation depends on the initial film thickness, and by 
plotting the logarithm of the initial,oxidation rate with 
film thickness, an approximately linear relation was 
obtained having a slope of -1. This showed that the 
oxidation followed a logarithmic law of growth. In a 
similar way a linear plot of film thickness with log time
- 102-
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was obtained for the 300A.U film. These results show that 
farther oxidation of the metal takes place and follows a law 
of the form,
x = Alogt + B where x = film thickness,
t = time, and A & B 
are constants.
The full curve of figure 3*3*2 shows the growth of 
the residual film from a thick anodic layer (3000A.U). By 
plotting log thickness with log time, it can be shown that 
the growth follows a power law of the form x^t, where n 
has the approximate value 4.3? up bo a thickness of 1300A.U 
after which it appears to become linear. Curves for
five thinner anodic films are shown dotted in figure 3*3*2,,
\
and it can be seen that these begin to deviate from the full - 
curve only when the residual film thickness approaches that 
of the original anodic film. The rates subsequently 
become the same as those observed in figure 3*3*1*? but the 
residual film is always found to be slightly thinner than 
the anodic film.
These results‘suggest that two ageing effects take 
place simultaneously, one, further oxidation of the metal 
through the oxide layer following a logarithmic law, the 
other a change in structure of the oxide which then grows 
rapidly outwards from the metal surface following a power
-104-
law and which is independent of film thickness.
3.3*2. The evolution of nitrogen from the anodic film,
A further characteristic of films formed in ammonia ■ 
(and in ammoniated glycol) was that a small quantity of gas 
was evolved when they were dissolved in sulphuric acid.
This also occurred, but to a lesser extent, when films were 
treated with either 10% citric acid or 10% caustic soda 
solution. Since the film appeared to consist solely of UC>2> 
there seemed no reason why this should occur, and it was 
decided, therefore, to collect and analyse the gas. The 
volume released on dissolving the film in acid was a function 
of film thickness; an orange-red film formed on a specimen 
3 cm by prolonged anodising ( 230V) gave a volume of gas 
estimated at 0.002 cm^, and a 130V. film about 0,0005 
A few minute bubbles could be observed when films showing 
interference colours were dissolved.
By forming several very thick films, treating them 
with citric acid, and collecting the gas evolved by means 
of an inverted funnel, it was possible to collect a small 
sample for gas analysis. Using a solution of alkaline 
pyrogallol, it was proved that the gas contained no oxygen, 
and the absence-’ of hydrogen was demonstrated by sparking a 
sample of gas with electrolytic oxygen in a eudiometer,
It was concluded that it must, therefore, be nitrogen.
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This was confirmed by preparing discharge tubes containing 
samples of the gas, over a mercury barometer, and 
photographing the spectra obtained. Comparison spectra 
obtained from the unknown gas and from cylinder nitrogen 
were identical. This result was verified by repeating the 
experiment. A discharge tube containing electrolytic 
oxygen was prepared and it was proved that nitrogen was not 
introduced accidentally during filling.
The fact that this gas was evolved in both acid and 
alkaline solutions did not appear to support the belief that 
an unstable compound was formed which decomposed on acid 
treatment. The possibility of nitrogen gas being occluded 
in the film was therefore considered, and a survey of the 
relevant literature carried out.
Evolution of nitrogen gas at an anode during the 
electrolysis of ammonia solution has been noted either when 
iron electrodes were used (45)? or when small quantities of 
copper hydroxide were added to the electrolyte (46), It 
appears that catalysis of the reaction;
4EH^ + 302 - 6H20 + 2E'2 .
was effected in this way. Under certain conditions, 
therefore, some nitrogen might be expected to enter the film 
structure.
Mellor (46) has noted that the hydrated oxides of
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uranium have the property of occluding inert gases. This 
property has been investigated by Kohlschiitter and Vogt (47)? 
who have described the preparation of hydroxylamine uranate, 
(ffH^0H)2U0^.H20 , which loses water and ammonia on heating to 
125°C, leaving uranic acid U02(0H)2 which also contains N
dissolved U2 and On dissolving this compound in acid j,
these gases were released. The volumes of water, ammonia, |
nitrogen, and nitric oxide were in quantitative agreement with i [
o ' ^the assumption made. On heating the compound to 300 0, the j!
powder was found to decompose suddenly to give nitrogen and j
nitric oxide and a residue of UO^. The authors point out
that at 300°0 hydrated TJO^  rapidly loses the last 0#5H20, 
and they conclude that the gases are retained in the oxide 
by occlusion, the bonding being effected by the water of 
hydration,
\
It seems possible that a similar mechanism might ,
i
explain the results obtained during anodic oxidation of j
uranium in ammonia. In the presence of an amorphous oxide
nitrogen might be formed at the anode by catalysis, and,
assuming some hydrated oxide to be formed at the same time, |j
become loosely bound in the film. The dissolution of this j
film in either a weak acid or a strong base would then result n
in some solution of the hydrate with consequent gas 
evolution. j;
Treatment of a. thick film in citric acid caused a ;
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<3 is nipt ion of the surface layer of oxide which could then 
be removed by scraping, Although a small quantity of 
orange-red powder was obtained in this way it was not 
sufficient for chemical analysis. An X-ray diffraction 
examination of the powder gave an amorphous pattern, and no 
lines developed after standing or heating in air for some 
hours. This powder was found to be soluble in dilute 
mineral acids. From the above evidence it was reasonable 
to assume that it consisted of UCU.
' This investigation showed, therefore, that small 
quantities of nitrogen were contained in the anodic film, 
particularly in the red absorbing film prepared by prolonged 
anodising. This suggested that in addition to UO^ some 
TJO^  was formed, and that the colour’ change from brown to 
red as anodising proceeded indicated an increase in the 
oxidation state of the film. These results are consistent 
with the behaviour which would be expected during oxidation 
of a metal having different valency states.
3*3*5* Microscopic examination of the film
An examination of the surface was carried out using a 
Vickers Projection Microscope. Photographs were taken 
through a greenffilter. Pig.3*3*3- shows the surface of 
electropolished uranium xl200. The metal appears to be 
smooth up to the limit of resolution, but oxide and other
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Fig. 3.3.5 Electropolished Uranium
(x 1200)
Fig. 3-3.4 Uranium Anodised to ^8V
(x 1200)
inclusions are clearly visible and occupy about 4% of the 
total surface area. No etch pits appear to have formed 
round the inclusions, suggesting that they are not undermined 
during electropolishing. It was not possible to determine 
whether these inclusions were raised above the surface of 
the metal. Treatment with sodium chloride solution under 
the microscope showed that active corrosion generally occurred 
at points where there were no visible defects and not around 
the large crystalline Inclusions.
There was no visible change in the appearance of the 
surface on anodising to approximately 30V. and the film 
appeared to be uniform in thickness except around certain 
small inclusions, where concentric rings showing higher 
orders of interference were visible. This suggested that 
the current density was higher at these areas and that 
these inclusions therefore formed local anodes. At about 
33V. to 40V., corresponding to the point where an absorbing 
film began to form, a slight roughening of the surface was 
observed (fig.3.3*4.). It is apparent that the oxide
inclusions now have a roughened surface and appear to be 
surrounded by a narrow ring, possibly caused by a local 
thickening of the film. In addition to the roughness, 
which appears as small purple areas superimposed over the 
deep yellow background colour (and corresponds^ to local film 
thickening of 100-200A.U.), there is evidence of grain
boundaries becoming visible in a higher order of 
interference. At higher voltage the roughness was found 
to increase.
These results confirm that a change in film structure 
occurs at some critical thickness during growth. A more 
detailed study has been carried out using high purity 
uranium in Section 3*3*
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3*4 Factors influencing reproducibility during anodising
It has been already noted in section 3*1* that the 
intensity-time and voltage-time curves obtained by anodising 
in ammonia were not completely reproducible. The intensity 
of the second order maximum was found to vary by as much as 
13 - 20% in successive runs, and there were variations in 
voltage of a similar magnitude. Eftr altering the time delay 
between electropolishing and anodising it was possible to 
displace both the voltage and thickness plots along the 
time axis, a result which could readily be accounted for by 
assuming that rapid oxidation of the uranium took place after 
electropolishing. However, even when precautions were 
taken to keep the time delay short and constant, differences 
were still observed, and it was concluded that variations in 
surface treatment might be responsible.
In order to investigate the state of the surface 
and its subsequent behaviour when immersed in an electrolyte, 
attempts were made to measure the electrode potential of 
uranium in ammonia solution. Adams et al (48) have used 
potential-time measurements to study zirconium in aqueous 
solution, and have shown that when it is immersed in an 
electrolyte the potential rises rapidly to a more noble 
value, corresponding to the formation of an oxide film on 
the surface.
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In the present work a Marconi TF717A pH meter was 
used as a potentiometer. A saturated calomel reference 
electrode was connected via a saturated KOI bridge, which 
was plugged at each end, to a vessel containing the test 
electrolyte. This was then connected to the reaction 
beaker by a bridge.which contained electrolyte and which 
had been drawn out at the end to form a Luggin capillary 
which was held at a fixed distance from the surface of the 
electrode. This arrangement ensured that no chloride 
entered the ammonia. Uranium specimens were first 
electropolished and rinsed before being placed in the cell 
and, after connecting and balancing the potentiometer, 
which introduced a time delay of about 30 seconds, readings 
of potential were taken at half minute intervals.
Figure 3*4.1 shows a typical result obtained in 
this way; the potential was initially minus 673 mV (with 
respect to the calomel electrode) and increased, rapidly 
at first, to a more noble potential which corresponded with 
protective film formation. This increase was found to 
continue over long periods, showing that continued oxide 
film formation was taking place. After 4% hours immersion 
in the electrolyte a pale yellow film was found to have 
formed; this became deep yellow in 17 hours, and purple 
in six days, showing that continued growth did in fact take 
place without any applied polarisation. The oxide films
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Fig* 3.4.1 Potential-Time Curve!
Uranium in Ammonia Solution
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formed in this way were not perfectly uniform in thickness, 
indicating that the metal surface was not homogeneous, but 
there was no evidence of localised corrosion or pit 
formation.
Agitation of the electrolyte was found to increase 
the rate of change of potential, dE/dt, during the first 
few minutes of measurement. However, both stirred and 
unstirred electrolytes gave potential-time curves which 
later coincided. This initial effect could be attributed 
to ionic depletion in the electrolyte caused by the high 
initial value of formation current, and it was concluded 
that agitation had no significant effect on the rate of 
oxidation. All subsequent runs were carried out with 
continuous slow agitation.
In order to determine the effect of surface 
preparation on the potential-time curves, specimens were 
polished and rinsed under different conditions and then 
immersed in 5^ ammonia solution. It was found that unless 
the time between electro-polishing the specimen and 
connecting it to the millivoltmeter was kept constant, 
considerable variations were observed in the potential-time 
curves. The initial potentials were found to differ by 
more than 100 mV, and the rate dE/dt after 5 minutes ranged 
between 10 and 28 mV/min. When a fixed time was allowed 
for rinsing after electro-polishing, and a further fixed
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interval for connecting and balancing the millivoltmeter 
after immersion in the electrolyte, the initial potentials 
for successive runs were found to lie within 25 mV; 
however dE/dt still varied from run to run, with the result 
that the curves diverged to give a difference in potential 
of up to 80 mV after five minutes. A typical result is 
given in fig. 3*4.2.(a). When, following Adams et al (48), 
log dE/dt was plotted with log t, the resulting curve was 
not linear but showed a sudden increase in slope after 5 
minutes, suggesting that some change had occurred in the 
mechanism of oxidation.
Since the conditions of surface preparation had now 
been standardised as far as possible, these effects were 
attributed to the formation of a non-uniform porous oxide 
film during electropolishing. When the metal dissolves 
anodically a layer of oxide and reaction products form 
and result in staining unless the surface is brushed 
continuously. The efficiency of removal of reaction 
products is likely to vary over the surface, and may be 
expected to result in the formation of a thin, non-uniform, 
oxide film. Brush markings have, in fact, been observed 
during anodising as areas having a slightly different 
interference colour. This gives support to the hypothesis. 
The effect was particularly noticeable when one section of 
the specimen only was vigorously brushed immediately before
-116-
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being removed from the electrolyte. It was found
experimentally, however, that if the specimen was allowed
to remain unpolarised in the electropolishing solution for
a few seconds after polishing, these brush markings were no
longer observed during anodising, suggesting that the oxide
film had become uniform. Potential-time determinations .
were therefore carried out in ammonia solution after first
allowing the specimen to remain for 15 secs, in contact with
the electropolishing solution. The effect on the
experimental curve was very marked; the initial value of
dE was much lower than that previously observed and was now 
dT
reproducible, and, in addition, the initial potentials were
reproducible within l^mV, A typical result is shown in
fig.3*4*2b. The graph of log. dE with logt was now found
d¥
to be linear. It appeared, therefore, that the initial 
formation current was reduced by the action of the polishing 
electrolyte, a result which was consistent with the 
assumption that a uniform porous oxide film could be formed 
in this way.
Further work showed that the time of electropolishing, 
and the electropolishing current, also influenced the 
potential-time curve. As the current was reduced a more 
noble initial potential was obtained, showing that a thicker 
residual film was produced. Although .the current could not 
be closely controlled, since it depended on the way in which
-1 1 8 -
the surface was brushed, it was maintained as near as
ppossible to 0.6a/cm in all experiments. The electropolishing
time was always greater than 20 secs.
By using the above conditions for specimen preparation 
it was now,found possible to achieve a high degree of 
reproducibility during anodising. The following standard 
procedure was useds
1) Electropolish at 0»6a/cm with gentle brush
agitation for not less than 20secs.
2) Allow the specimen to remain for 13sec, in
contact with the polishing solution.
3) Rinse in distilled and de-ionised water and
transfer to the anodising cell in 13sec.
4) Allow 30sec. before polarising to set up the
specimen for Intensity measurement and to
connect the power supply.
Under these conditions it was found possible, using 
the same polishing solution and fresh electrolyte for each 
run, to obtain voltage-time and thickness-time curves 
reproducible to within 2%. The intensity maxima and minima, 
for a given current density, were within 3%*
The length of the initial induction period was found 
to depend on the age of the polishing solution. This 
- effect was not regular and could not be controlled, and
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caused the voltage-time curves to be displaced by up to
p20sec. (at ImA/cm ) along the time axis.
By observing the change in reflected intensity with 
time, without applying a polarising current, it was possible 
to estimate the rate of oxidation of uranium in ammonia 
solution quantitatively. From the rate of change of 
intensity found experimentally during anodising, it was 
possible to show that for thin films a 1% decrease in 
intensity corresponded to an increase of 14 A.U. in film 
thickness* Fig.3.4.3* shows an intensity curve obtained 
after immersion of a uranium specimen in 3N ammonia, on 
which a thickness scale has been superimposed. This shows 
the initial oxidation rate to be approximately 43A*U./min. 
The film thickness after 9min, was 163A.U.
The potential of anodised uranium
In addition to measuring the potential of electro­
polished uranium, experiments were also carried out to 
determine the influence of an anodic film on the electrode 
potential.
Specimens were first electropolished and then 
anodised in 3^ ammonia solution to selected voltages*
They were transferred to the measuring cell, and the 
potential found as already described*
- 120-  - *
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It Yms found that the potential of anodised uranium 
was markedly greater than for electropolished material, as 
might be expected, and that the value of the potential 
increased with increasing film thickness.
This change of potential to a more noble value may 
be explained by assuming that when the anodised uranium is 
immersed in ammonia solution to measure the potential the 
surface is not homogeneous. The potential measured is 
therefore that of a complex electrode consisting of anodic 
areas (thin oxide film) and cathodic areas (thick oxide film). 
Under these circumstances the steady state potential will be 
dependent on the relative cathode areas and will become more 
noble with increase in thickness of the anodic film#
After 3min. immersion in electrolyte, the potential 
was again measured, and it was foimd to have decreased, thus 
suggesting that slight breakdown of the film had taken place*
The values obtained are given in table 3*4.1#
For comparison, the potential of a film formed in 
ammoniated glycol (containing 30g/l of FH^) was then 
determined, the specimen being transferred to aqueous 
ammonia for the purpose of potential measurement*
The potential was found to be initially very low, 
e.g. with a film approximately 360A.U. thick, the potential
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was -370mV re S.C.E. This was about 500mV less noble than 
the potential of a film of equivalent thickness formed in 
ammonia •
Table 3*4.1
Film Thickness 
A.TJ,
Potential re S.C.E,
(mV)
Potential re 
after 5miE1*
S.C.E.
(mV)
2 34 4- 38 + 18
360 + 115 + 73
790 + 148 + 68
1120 + 173 + 73
2360 + 223 + 208
On standing in the electrolyte, however, the ' j
potential was found to increase, and after 30min, had !■
reached a steady value of +56mV,
It appeared, therefore, that although films formed
i:
in ammonia solution Initially had a more noble potential, 
they tended to break down slowly in the electrolyte, whereas 
glycol films of the same thickness increased in potential 
from a very low initial value to a steady potential approaching 
that of the ammonia formed film.
The following tentative explanation may be offered 
of this phenomenon. The physical and chemical properties
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of films of the same thickness formed in ammonia and in 
ammoniated glycol appeared to be identical. It has been 
noted, however, that gas evolution took place above the 
plateau potential in glycol, and it is possible that this 
evolution of oxygen at localised points over the surface 
caused a local reduction in film thickness. On transferring 
the film to aqueous ammonia these areas would be anodic, thus 
resulting in a low potential, but would tend to heal in 
this electrolyte thus causing the potential to rise.
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3*5 The anodic oxidation of high purity uranium (Metal fB®)
At a late stage of the present work a small quantity 
of high purity uranium sheet, 0.8mm. thick, became available, 
having a purity of approximately 99«95%* A very bright 
electro-polished surface could be obtained on this metal and 
microscopic examination showed the almost complete absence 
of oxide and other inclusions. This surface is shown in 
figure 3.5.1. It was concluded, therefore, that multiple 
beam interferometry was now possible as a method of 
determining the film refractive index; this work is 
described in 3.9*
The results obtained when this metal was anodised in 
ammonia differed considerably from those previously observed 
using Metal ?A*. It was now possible to anodise up to a 
maximum formation voltage of 270V at which a thick transparent 
film was formed, and five orders of interference could 
readily be located using the optical method. A typical 
result, in which uranium was anodised at a constant current
p
of 5mA (current density l.lmA/cm ) in ammonia solution 
is given in figure 3«5»2. Irom the intensity curve it is 
apparent that the optical growth rate is linear, and in 
addition that little absorption has taken place during growth, 
thus confirming the visual observation. The voltage-time 
curve rises almost linearly to the maximum formation voltage, 
but undergoes a slight deviation between 40 and 100V*
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under no circumstances was it possible to form an 
absorbing film similar to that obtained with Metal *Af# 
Prolonged anodising produced no change in the properties 
or appearance of the film but resulted in film breakdown 
with violent local gas evolution, Not until about 40V 
did the film appear to absorb light appreciably, accompanied 
by a green fluorescence of the surface. This corresponded 
to the observations made on Metal *Af at the same voltage# 
However, both effects were transient, and at 100V the film 
was again non-absorbing.
To study these effects in more detail a microscopic 
examination of the anodised metal was carried out. It was 
found that up to 30V the anodic film was uniform in thickness, 
except around certain small inclusions where higher order 
rings were visible (as with Metal fA f) and the surface was 
comparable in smoothness to that of the electropolished 
metal. At 38V, however, sharp lines which appeared to be 
at the grain boundaries developed having a purple interference 
tint In contrast with the deep yellow colour of the rest of 
the film, (Rig.3#3*3*) At 43V (Pig,3#3*^«) the surface had 
become slightly rough, and numerous spots having the same 
purple colour as the grain boundaries, were visible.
Round some inclusions circular patches were visible within 
which these spots appeared to be absent; this effect may 
possibly be attributed to local electro-chemical action.
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On increasing the voltage further the grain 
boundaries became less noticeable, but along part of their 
length dark brown outgrowths began to form which appeared to 
stand out from the surface of the film. The surface 
roughness also decreased. An oxide wedge, formed by 
dissolving part of the film formed to 230V in sulphuric acid, 
is shown in fig.3*3*3* It can be seen that grain boundaries 
are still visible after dissolution, and that etch pits now 
correspond to the position of the brown outgrowths. The 
surfaces of the oxide and of the exposed metal appear to be 
comparable in smoothness. The rough appearance of the 
wedge itself, across which fringes corresponding to the 
interference orders are visible, suggests that the film was 
not homogeneous in composition and that the acid attacked 
preferentially some points in the film.
These observations show that similar changes in the 
appearance of the surface occur with both Metal fA* and 
Metal *Bf. The appearance of purple spots which were
estimated from interference colours to correspond to a local
roughness of 100-200A.U., may result from defects in the
structure of the metal, such as grain boundaries, or
alternatively from a local change in film composition.
The differential attack of acid on the film suggests that 
the latter explanation may be more probable, No explanation 
can be given at this stage for the observation that the film
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again becomes smooth with increasing voltage and.ceases to 
be absorbing. This behaviour is radically different to 
that of the Metal vA f. The kinetics of film formation for 
these metals have been compared in 3*12*
Further experiments with this metal showed that the 
quantity of nitrogen evolved on dissolving the film in 
sulphuric acid was considerably less than that obtained from 
Metal ?A f, suggesting that the incorporation of gas in the 
film structure might have resulted in the different physical 
properties of the two films,
i
It would appear from the above observations that the 
presence of impurities in uranium is probably the chief 
factor in determining the type of film formed on the metal.
A final experiment was carried out to try to show 
whether any changes took place in the film at the critical 
voltage (40V) other than those noted above. A high 
Impedance oscilloscope was connected across the terminals of 
the anodising cell during film formation at constant current.
No breakdown was observed, until a potential of 40V was reachedJ 
corresponding to the onset of absorption and fluorescence, 
when sudden continuous breakdown occurred. This was not 
sufficient in intensity to show on the voltage record, and 
did not affect the'optical growth rate appreciably. As the 
cell voltage increased further breakdown became intermittent
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but did not cease entirely. As the maximum formation 
voltage was approached breakdown became increasingly severe. 
These results suggest that a sudden change in film structure 
does, in fact, take place at a critical voltage,
-1 3 0 -
3>6* Reproducibility using high purity uranium
During a series of experiments using metal !B ?, it 
was observed that films produced under nominally identical 
conditions, taking the precautions outlined in 3*4-., had 
different properties. The absorption of light in the oxide 
layer, measured by the intensity curve, varied appreciably, 
and voltage-time curves (under constant current conditions) 
sometimes showed a well defined 1 plateau* (at voltages 
between 30 and 50V, depending on the current density,) which 
appeared to correspond to the formation of an absorbing layer. 
This plateau was similar in form but more definite than that 
shown in fig,3*5*2.
By elimination it was - considered that these effects 
could only be associated with changes in the anodising 
electrolyte. An electrolyte prepared using- a fresh unused 
Winchester of AnalaR .880 ammonia solution, was found to 
give a.partly absorbing film, but when an almost empty 
Winchester was used, a highly transparent film was formed.
It was also found that an electrolyte prepared by distilling 
pure ammonia gas into, conductivity water resulted in a 
partly absorbing film. It was reasonable, therefore, to 
suppose that the transparent film produced was due to the 
presence of some impurity in the ammonia.
3*6.1, The effect of chloride on anodising
Experiments showed that the kinetics of anodic
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oxidation at constant current were independent of the 
presence of considerable quantities of foreign ions, 
provided that ammonia was in excess. The addition of up 
/ to 5% of chromic acid, potassium chromate, potassium
dichromate, tartaric acid, or citric acid, all of which by 
themselves caused pitting of uranium, were not found to 
affect the anodic oxidation. The presence of very small 
quantities of chloride ions resulted, however, in film 
breakdown and pitting, an effect which has been found to 
occur in most anodising studies. The addition of 30p.p*m 
of Cl* to 511 ammonia solution was sufficient to cause 
pitting at 14V, (e, fig.3•6,1). At lower concentrations, 
however, it was found that no attack occurred and that the 
film became transparent. Similar effects were obtained 
with additions of nitrate ions, but larger concentrations 
were necessary to produce transparent films.
Fig.3*6*1. shows voltage-time curves using pure 
ammonia with various chloride additions. Curves (a) and 
(b) show that there is little difference in the results 
obtained using 5^ fresh ammonia and redistilled ammonia, 
respectively, and the 1 plateau* or inflection, between 25 
and 100V is well defined. Curves (c) and (d) show the 
effect of adding 7 and 14p.p.m. respectively of Cl*.
The voltage-time curves now approached linearity, and the 
voltage was increased by as much as 25% over part of the
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Fig. 3. 6.1 The Effect of Chloride Additions 
to the Anodising Electrolyte
Time (min)
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I
curve* Since there was no difference in the optical |
growth rate using pure and contaminated solutions, this !
implies that the instantaneous formation field also 
increased by the same factor, j
The reason for this remarkable result is not clear; j
it seems improbable that chloride ions enter the oxide |
I
lattice and so modify the oxide properties directly, A j
more reasonable explanation, particularly as the voltage-time j 
curves approach linearity, and thus appear to correspond j;
to the * ideal* case of anodic oxidation in which a single 
compound is formed at the anode, is that the Cl* in some |
way inhibits the formation of the absorbing layer.
A fall investigation of this phenomenon was not 
carried out since the effects were found to be current j
sensitive. In the absence of impurity a long ?plateau* 
was formed at low current densities and a more transparent j
film at high current densities. Although at a current
2 'density of ImA/cm a chloride addition of 10p.p*m, resulted j
in a transparent film, lower current densities produced film
breakdown, whilst higher current densities gave absorbing [
films.
Since this effect could not be regulated, every attempt 
was made to keep contamination of the electrolyte to a 
minimum, since it was probable that as little as Ip,p.m. of
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Cl! might have a significant effect. Working electrolytes 
were prepared in large quantities using deionised water and 
fresh ammonia solution. To prevent contamination of the 
solution during anodising.the apparatus was enclosed and 
the use of hydrochloric acid in the laboratory was 
prohibited.
Even after taking these precautions some 
irreproducibility in voltage-time plots was still observed, 
and some variation in the maximum and minimum intensity 
values. The optical growth rate was unaffected. The 
total variation.due to these effects was not more than 3-3^* 
which was considered satisfactory.
-133-
3«7» Film composition and structure (Metal *B?)
Electron and X-ray diffraction studies.
Eour specimens of suitable size were carefully
2electropolished at 0.6A/cm with brushing, as previously
described. Three of these were subsequently anodised in
p3N ammonia solution, at a current density of ImA/cm , to 
voltages of 13, 43, and 230V respectively. The specimens 
were then examined by electron diffraction, but in no case 
was a recognisable pattern obtained, although a few faint 
haloes could be seen at high voltages. Unlike Hart, who 
showed that sharp IJO^  rings were obtained from electro­
polished uranium, no pattern could be observed from the 
electropolished specimen of metal *B*. It would therefore 
appear that oxide inclusions in the metal, which in the 
case of metal *A* occupied 4% of the surface, might have 
resulted in the patterns previously obtained. Since these 
inclusions could be up to two microns across they might 
also be expected to penetrate the anodic film, which reaches 
a maximum thickness of about 0,3 microns, and thus give rise 
to the patterns observed in 3*2. It is also possible that 
the change in pattern from crystalline to amorphous observed 
by Elint (11) on reaching the voltage plateau, might have 
resulted from changes which took place in the surface layers 
of the inclusions during anodising.
X-ray diffraction experiments confirmed that no
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pattern was visible immediately after anodising, but 
showed the ageing phenomenon noted in 3#2, and gave 
diffuse UOrj patterns on standing in air,
From these results it must be concluded a) that 
the films formed on high purity uranium have a different 
composition from those formed on impure metal, or b) that 
inclusions embedded in the surface give rise to the observed 
patterns# A similar ageing effect was, however, observed 
with both materials#
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3*8, Physical properties of the anodic film (Metal fBt) !
t ! |
Certain differences have already been noted between 
the anodic films formed on Metals fA ! and fB*# Films !i
formed on high purity uranium are transparent up to the |
maximum formation voltage, which is raised to about 270V
I !
(cf 130V for !A*)j and have a slightly higher formation
| i
field# A little absorption, together with a temporary j
fluorescence of the surface, has been found to occur at 
about 40V, coinciding with a reduction in slope of the 
voltage-time curve, but these effects disappeared as the 
voltage increased. When dissolved in acid solution, these 
films were found to evolve only a small volume of gas which 
appeared to be reduced still further when the films were \ 
formed in an electrolyte containing some chloride ion#
Experiment has shown that the kinetics of film 
ageing of Metal fB* at room temperature are identical, withinj 
experimental error, to those observed for Metals fA f and ,C I; j 
this suggests that films formed on all grades of metal, up j 
to a thickness of 2000A.IJ, have a similar composition and 
structure. Above this thickness, ageing took place too 
slowly for observations to be made# j j
By connecting a high impedance oscilloscope, having 
a slow time-base, across the cell terminals, it was possible : 
to investigate the film breakdown during anodising. It was !
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found that no breakdown occiirred up to a voltage of 40V.
At this voltage, hov/ever, which corresponded with the 
temporary appearance of an absorbing film, sudden break­
down began to take place. This was not sufficiently serious 
to cause fluctuations in the voltage recorded and did not 
appear to affect the efficiency appreciably. As the cell 
voltage increased, breakdown was observed to become less 
frequent until Just below the maximum formation voltage, 
when it became progressively worse. A similar effect has 
been observed using Metal *Af, but here some breakdown took 
place at low voltage and, after the absorbing film began to 
form, became more pronounced until final breakdown occurred. 
These observations support the hypothesis that a sudden 
change in,film structure takes place at some critical film 
thickness,
film capacitance and resistance
Since the films formed on high purity uranium 
appeared to have good electrical properties, attempts were 
made to measure film capacitance and resistance. To avoid 
the possibility of introducing anomalous effects by corrosion 
or by electrode arrangement, the films were first dried and 
their properties measured using a mercury contact having a 
definite area. Measurement was carried out using an 
apparatus developed for studying the resistive properties 
of phosphate coatings on steel (49) > and values of resistance
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and capacitance were obtained for films formed in 
increasing steps of half an order of interference* Dry
'mercury did not appear to penetrate the films, and 
consistent values could be obtained* kig*3«8*l* shows 
resistance and inverse capacitance plotted with film 
thickness, The relationships are substantially linear in ! 
each case, and the following approximate values of resistivity;
and dielectric constant were obtained*
o
Q - 8 x 10 ohm-cms*
K = 20 - measured at 3000c/S,
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3*9* Mulbiple-beam interferometry for determining the 
refractive index of the film m a t e r i a l ____
It has been shown in Section 3*1 that the 
experimental results obtained by measuring the intensity of 
light reflected normally from a specimen during anodising, 
were not in accord with calculation based on optical 
measurements of the metal and oxide constants, and suggested 
that a change in oxide properties occurred during anodising. 
In order to estimate the refractive index of the transparent 
oxide layer first formed on uranium, it would be necessary 
to carry out experimental fitting of the reflectivity curve 
by assuming values for the optical constants? this procedure 
was not considered practicable having regard to the 
limitations of the experimental method used, and instead 
direct measurement of refractive index by multiple beam 
interferometry was attempted,
This technique, which was developed by Tolansky (30), 
enables the thickness of very thin optical layers to be 
determined accurately. By thermal evaporation of a highly 
reflecting but partially transparent layer of silver on to 
the surfaces between which interference is to take place, 
it can be shown, that sharp Fizeau interference fringes are 
formed owing to multiple reflections between the surfaces. 
When applied to reflecting systems narrow dark fringes are 
visible against a bright background, and Tolansky has applied
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this method for use under the microscope to measure cleavage 
steps on mica down to 23 A.U. The experimental technique 
for producing highly reflecting coatings and examining 
surface topography have been fully described in the 
literature ( 27* 50 )*
This method cannot normally be applied to measure the 
thickness of anodic films formed on metals since metal is 
consumed in forming the oxide, so that there is no reference 
plane corresponding to the new metal surface. The oxide 
film on uranium, however, had been found to dissolve in dilute 
acid, so that the base metal could be exposed over part of an 
anodised specimen, thus forming a true oxide step. Provided 
it can be shown that no attack on the base metal has occurred 
during acid treatment, the height of this step can readily be 
determined after silvering.
Experimental '
Two methods of measurement have been used in the 
present work; whilst the first of these is independent of 
assumptions concerning metal attack by the acid, the second 
is not,
Attempts made to examine an electropolished surface of 
metal fA ?, using monochromatic light and low power 
magnification, proved difficult owing to surface irregularities. 
The fringe system itself was quite sharp, showing that the
surface was smooth (to less than \ with the reflecting
§7
surfaces used), but there were undulations 5 - 7 half wave­
lengths deep and pits which extended beyond the limit of 
resolution. It was impossible, therefore, to estimate 
oxide steps with any accuracy. When metal ?BVwas obtained, 
however, it was found that after careful grinding and electro­
polishing, reasonably flat areas could be found on a specimen 
although the surface was still slightly irregular? in 
addition thick transparent oxide layers could be formed,
• When the anodic film had been removed from part of 
the surface, by dissolution in acid, a wedge of oxide was 
found to remain at the boundary. The width of the wedge 
depended on the length of the acid treatment, and it was 
found that by suitably treating a thick film, interference 
minima, which corresponded to successive orders of interference 
in the oxide, were visible as a system of dark fringes running 
along the length of the wedge.
The following method, which in principle should enable 
the variation of the refractive index through the thickness 
of the oxide to be determined, was based on this observation.
If the main fringe system formed between a reference flat and 
the surface of the oxide, was made to cross the wedge at 
right angles, a lateral displacement occurred in crossing the 
wedge corresponding to an increase in path difference. By 
locating the points of intersection of this system with that
formed by interference within the oxide, the value of 
refractive index could be found. Consider the system
a) in air. This consists of sharp dark fringes
formed by destructive interference which occur where the
path difference between rays of light reflected from the flat
and from the oxide differ by \ i.e. corresponding to an
increase in the thickness of the air film by A
2.
b) in the oxide % The order fringes result from 
interference between light reflected from the air-oxide and 
oxide-metal interfaces, and are localised in the oxide wedge. 
The spacing between successive dark fringes again represents
a change in optical path of A* which in a dielectric correspond 
to 2nd, where d is the physical thickness between two orders.
a = _A_ . .  . . . . . . . (l)
2n
Fig. 3.9.1 Composite Fringe System
the composite systems Fig* 3*9*1* shows the 
appearance of the composite system where aa.... represent the 
main fringe system, and bb ... the oxide system. With 
reference to the elementary parallelogram (1), a main fringe, 
in passing from one order in the oxide to the next, becomes 
displaced by e; this distance corresponds to an increase in 
optical path of 2d. In addition the distance between 
successive main fringes is D, corresponding to an increase in 
optical path of X . Then
e = 2d, and substituting for d s from (1)
D A 2n
n - D  ...................   (2)
~e
Using an eyepiece micrometer, the points of 
intersection of the two systems can be located, and a value
of n can be obtained from the mean of the two values of D 
and e found from each parallelogram. This method of averaging
makes the best use of the measurements obtained.
A third fringe system which results from interference 
between light reflected from the reference flat and from the 
oxide-metal interface can also be observed using this 
arrangement. The light now takes a path part in air and 
part in oxide, and it can be shown that the optical path 
decreases as the oxide wedge becomes thinner so that a fringe 
system is observed which is similar to that shown in figure 
3*9*1 but crosses the wedge in the opposite direction.
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Bor this system the ratio D equals n
e n-I
These fringes are localised below those being observed and do 
not interfere with the determination, but care must be taken 
to ensure that the correct system is viewed.
Determination of the refractive index
The experimental procedure used was as follows % a 
uranium specimen was carefully electropolished and anodised 
to the maximum formation voltage (270V). Part of the film 
was then removed using dilute sulphuric acid, and a wedge of 
suitable width found by microscopic examination. A small 
piece of microscope cover slip, which had been partially 
silvered by evaporation, was then placed silvered face down 
on top of the specimen. One edge of the glass was held in 
close contact with the oxide by a spring, and a small piece 
of thin paper introduced under the opposite edge to form a 
suitable wedge angle. Light from a mercury arc lamp was 
focused, after passing through an 808 (orange) filter, on to 
a pinhole. The light from this was collimated by a lens and 
reflected on to the interference system by a half-silvered 
mirror fixed at 43° beneath the objective. In 8mm. objective 
was used in the microscope, which was fitted with an eyepiece 
micrometer reading to 1 mm, giving a magnification to the
1U0
graticule of 33^, and a total magnification of approximately 
400x, By manipulation of the glass flat and specimen, a
-147-
pattern resembling that of figure 3*9*1 was obtained? due 
to the use of the orange mercury lines, it was necessary to 
use the fringes near the point of contact of the specimen and 
the cover slip. ’ The average values of n obtained from two 
separate determinations are given in Table 3*9*1* It may be 
noted that the value of n increases between the second and 
third order minima in both determinations, but in view of 
the wide scatter it is not clear whether this effect is 
significant.
A mean value of 1.93 was obtained for the refractive
index.
In order to verify this value, a determination was 
subsequently made using the simpler technique of measuring 
the fringe displacement which takes place over a step.
Using the reflectivity apparatus, an interference film was 
formed on uranium to the fourth order maximum. A step of 
oxide was then formed by etching in dilute sulphuric acid 
for 13 seconds, and the resulting film heavily silvered by 
evaporation. Using a similar arrangement to that described 
above, sharp fringes were visible and it was found that an 
exact shift of two fringes took place over the step, so that 
the pattern appeared continuous on either side of the step 
itself (over which the displacement was visible). It was 
considered that a displacement of half a fringe width could 
have been detected, and, since the fringe width was found to
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Table 3*9*1
Refractive index (n) using multiple beam interferometiy 
(i) • Mean
1st
2nd
order
order
min.—
min. ,1*83 1*80 2*09 1.81 2,01 1*72 1*87 ;
2nd
3rd
order
order
min*-
min* 1*83 2.0 2*18 2*28 1.73 2,02 2.01
C?rd
4-th
order
order
min,-
min. 1*72 2.08 2.07 1*67 1* 80 2.24 1*93
(ii) Mean
1st
2nd
order
order
min,-
min* 1.89 2,02 1*76 1,81 1*94 1,60 1.86 1.84
2nd
3rd
order
order
min,-
min* 2.16 2,14 1.98 1.98 2.14 1*93 2.26 2.08
3rd
4th
order
order
min,—
min. 2.18 1*39 1.79 1*93 2.22 2.12 1*93 1.97
Average value (n) = 1*93
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\
be A , the resulting error in determining n would be of the 
order + 2}^,
This method can only be applied with accuracy if it 
can be verified that no dissolution of the base metal 'takes 
place during the acid treatment, which lasted for 13 seconds. 
A thickness-time curve plotted for electropolished metal fB ? 
when anodised showed, by extrapolation, that there was an 
initial phase change of about 0.1 of an order. After 
removing the film completely by acid treatment, the specimen 
was reanodised. The initial phase change was now 0*13 order, 
thus suggesting that a thicker oxide film remained after 
dissolution in acid than after electropolishing* Other 
experimental results which support this hypothesis are as 
follows. A visibly coloured film remains after delayed acid 
treatment owing to ageing of the anodic layer, suggesting 
that even immediately after anodising the layer is not 
completely dissolved by acid. In addition potential time- 
measurements carried out in sulphuric acid have indicated 
that film formation slowly takes place.
In the following calculation, the initial phase change 
is taken to be 0.1 order, and the added residual oxide film 
after acid treatment to be 0.03 order ( 73A.U.). Then, for 
the oxide film,
2nd = 3.9X
where d ~ thickness of 4 order 
interference film.
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By step measurement,
a =  A  +  7 5
n  = 3.9 A  = 1 . 9 3  
2(A+75J>
This value is in reasonable agreement with that obtained 
previously and appears to justify the assumptions made.
In order to compare .the values obtained for the different 
anodic films on uranium with that for thermally prepared bFO^ , 
Brewster angle determinations were carried out, using a 
polarising spectrometer, on the polished face of a sintered 
block of UOr,. A mean value of n = 2.26 was obtained, with a 
maximum error of + 4%.
Conclusions
The values found for the refractive index of the 
transparent oxide film formed on uranium, using two methods, 
were in agreement, and gave a mean value of 1.94. This may be 
compared with the value 1.88 obtained, using polarised light 
methods, for the absorbing film formed on metal ?A f.
Since these differed by only 6% the optical growth rate 
during anodising would not be expected to change appreciably 
with change in film properties. This would account for the 
fact that a linear optical growth rate was observed, even 
during the long ’plateau* obtained by anodising metal ?B* at 
a low current density, which gave an absorbing layer.
The refractive index of the anodic film was considerably 
less than that of thermally prepared U02(2.26).
3*10 Anodic oxidation of Metal fC*
After Metal *B* became available in sheet form, a 
further supply of uranium having comparable purity was obtained }
SI
in the form of 1" diameter cast rod, so that standard disc 
specimens could be prepared. Microscopic examination of this j
Ij
metal showed the presence of inclusions similar in number and [|
i
shape to those previously observed in metal ?A*. During I
electropolishing deep cavities were observed on the metal 
surface some of which appeared to contain impurities which 
gave rise to copious gas evolution. On anodising, local break­
down occurred at these discontinuities at low voltages. After |
|
prolonged electropolishing however these impurities were |
sometimes etched out, and anodising was then possible. The j
results obtained were not very consistent owing to the |
continued exposure of fresh impurities but were similar to. |
. . I
those obtained using Metal *B? and showed a maximum formation j
I
voltage of 200-240V. The films were more absorbing than those |
j
formed on * Bf and some gas evolution was found to occur at all jii
voltages, thus reducing the formation efficiency. It was also |
noted that the volume of nitrogen which was released from the j
film on acid treatment was greater than that given by a similar |j
film on Metal *B*. ;j
Due to the presence of impurities leading to film break-
‘
down, this metal did not appear suitable for kinetic studies;
l i ! ■
thin foil, which was also supplied, was free from this defect, 
and has been used in the gravimetric determination of film 
composition in Section 3*11*
3>11 Gravimetric determination of oxide composition
The possibility of using gravimetric determinations 
for estimating oxide thickness has been discussed previously I 
in 2.5) where it was shown that even if sufficiently accurate j 
weight measurements could be carried out, it would be necessary 
to assume a value for the film density. The fact that the 
anodic film was found to dissolve in acid solution has been ji |
made use of in this section in order to establish its chemical j 
composition and the efficiency of film formation. In |
conjunction with optical measurements, values of film density j 
have also been obtained. i
3>H>1 Method j
In the method to be described, three weighings were | 
necessary for each determination. !
a) Before anodising j
b) After anodising j
c) After removing the anodic film j
Erom a) and b) the increase in weight due to uptake of oxygen
could be found, and from a) and c) the weight of uranium in 
the film.
' i
To show the magnitude of the quantities involved, it is j 
convenient to consider the formation of thin films of UO^ and
TJO^  from uranium, using the accepted density of the bulk j
—3 —3 !>
oxide. Taking the values 10.8gmcm ^ for ITC^  and 7siaci11 -LOr ij
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UO^, and considering unit area of a film 1000AU thick, the
following values are obtained s
Total film mass Mass of uranium Mass of Oxygen 
(mg! ~ ........  . ’(mg) (mg)
U02 0*108 0,095 0.015
UO^  ^ 0.070 0.058 0.012
2
With a specimen 10cm in area, the weight increases 
are O.IJmg and 0.12mg for UO^ and UO^ respectively, and it 
is apparent that these measurements alone are not sufficient 
to distinguish between U02 and UO^. By dissolving the 
anodic film in sulphuric acid after formation, however, a 
difference in. weight of 0.37mg/cm would be obtained and, in 
conjunction with the oxygen determination, it should be 
possible to determine the composition of the oxides.
bit is also of interest to consider the formation of an 
anodic film and to calculate the formation rates for the 
two oxides assuming 100% current efficiency. With a metal
p
surface of 1cm , for the passage of 1 coulomb, the following
results are obtaineds
Mass of oxygen Mass of uranium Total mass Equivalent
(mg) (mg!~™ ~ (mg) thickness AU
U02 0.085 0.616 0,699 6500
UO^ 0.083 0.411 0.494 7000
These calculations give the formation rates, in mg/coul, 
and also show that the optical growth rate for both oxides is 
nearly equal.
Experimental
To measure the increase in weight of the uranium as
accurately as possible, thus enabling the efficiency to be
calculated, it was necessary to use thin foil for these
2experiments. Specimens of l^thou foil, 10cm in area, were
iI
cut in the form of rectangles 5cm x 1cm, having extended tabs j 
which were anodised to the maximum formation voltage to act 
as a stop off before commencing the experiments. The use of 
foil meant that it was no longer possible to use brush 
agitation during electropolishing, with the result that a 
thicker oxide film remained on the metal surface. In addition 
the specimen had to be dried and weighed. This took between 
^ and 10 minutes, during which time further oxidation of the 
metal could take place. The effects due to these factors 
are considered later.. The specimen was polished for 15sec. 
and was found to be free from visible stain. After rinsing, 
it was dried in a stream of warm air for 1 minute and weighed. 
It was then anodised in 5^ ammonia, using the reflected 
intensity to form films of the required thickness, and then 
washed, dried, and weighed as before. Finally the film was j
treated with 10% v.v. sulphuric acid for 15 seconds, washed, ]
dried and re-weighed. These determinations gave an ■
evaluation of the mass of oxygen and uranium in the film, as 
well as the total mass of the oxide.
Specimens of the three metals, A, B, and C were used j
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in this work, and determinations were carried out every 0.5 
order, using the reflectivity method to locate the maxima and 
minima of interference.
3«11«2 Errors in the determinations
Since small weight increments were to be measured, it 
was thought desirable to consider the possible sources of 
error and estimate their magnitude.
The sensitivity of the bullion assay balance used was 
O.Olmg. Calibrated weights were used and most measurements 
could be carried out using riders only. Determinations 
could be made to within +0.02mg, taking care to replace the 
specimen in exactly the same position on the scale pan.
Since weights were subtracted in calculation, the error due 
to weighing alone could be +0.04mg.
Current and voltage were correct to 2%, and a maximum
or minimum of interference could be located within 5 seconds
pat a current density of ImA/cm , corresponding to a charge 
error of 5^1Hlcoulombs. The apparent area of the specimen 
was correct to 2%.
In a series of anodising experiments carried out under 
identical conditions, the following limits of reproducibility 
were found for films between 2 and 4 interference orders in 
thickness?
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Voltages 2%% wt. increases 5-10%
Total wt.s 2-4%
times 2}$o wt,decreases 2-3%
p
(Films were formed at a constant current density of lmA/cm
in 5®" ammonia solution). The results indicate that, while
no great accuracy can be expected in calculating the oxide
composition, it should be possible to distinguish clearly
between U0o and UCu*
/
The-effect of several additional factors on the 
accuracy of weighing was also considereds
a) When weighing the specimen after electropolishing 
and drying, an oxide film already existed on the surface.
As no interference colour was visible this film was certainly 
less than 300ATJ thick, and, since the specimens were prepared 
under identical conditions, the thickness was constant in 
each determination. The effect of this residual film was 
considered, therefore, to be negligible. -
b) The increase in weight after anodising gave a 
measure of the quantity of oxygen taking part in film 
formation, and also of any other constituents which were 
taken up from the electrolyte. The experimental results 
suggested that no appreciable error was introduced by the 
latter effect.
There was also a possibility of the anodic film 
partially dissolving in the electrolyte. Samples of
electrolyte were analysed at A.E.R.E, and it was shown that 
a negligible quantity only of uranium entered the solution*
c) Weighing the specimen after removal of the anodic 
film enabled the total film weight to be found* A residual 
oxide film remained on the surface after acid treatment, but 
this was thin and, as shown by ageing experiments in 3.3? 
constant in thickness. Its effect could therefore be 
neglected*
The numerical values of the possible errors have been 
used to determine the significance of the experimental results,
3*11*3 Results
The experimental results obtained using metals ?A*, 
and *G? are given in Fig*3*H*l*j which the total film mass 
(upper group of curves) and the mass of uranium in the film 
(lower group of curves) have been plotted as functions of 
total charge passed. Each of the experimental points 
represents the mean of two determinations,
From these graphs the average rates of film growth haye 
been determined, and used to calculate the average efficiency, 
composition, and density of each film. These results are 
given in Table 3*11#1#
In fig.3*11*1 it can be seen that for all three metals 
the rate of film growth, measured both by the mass of uranium
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Table 5.11.1 
Gravimetric determinations
Metal * A 1 f C 1
Current density
p
- (mA/cm )
2 2 4
Mass of O2 
(mg/coul)
0.058 0.070 0.059
Theoretical mass 
of Or* (mg/coul)
0..085 0,085 0.085
Mass of U 
(mg/coul)
0.582 0,582 0.568
Voltage rate 
(V/order)
45 54 52
Optical growth rate
p
ord ers/coul/cm
5.88 4,47 4.0
Efficiency % 70 85 71
Oxide Composition
TO2.5 TO2.7 U02.4
Density gm/cm^ 7.5 6,4 7.2
Eormation field 
(V/cm) xlO^
2.9 5.6 5.5
in the film and the total film mass, is a linear function of 
charge. This result is in accord with optical measurement 
of the 'growth rate. The rate at which uranium entered the 
film was the same, 0,582mg/eoul, for both metal *A* and *B*. 
The oxygen deposition rate was lower for ?A ? than for !B! so 
that the current efficiency, based on a theoretical rate- of 
0.085mg/coul using Faraday*s law, was approximately 70% fo^ 
*A? compared with 85% for fB*. For metal fC* lower values 
of both uranium and oxygen rates were obtained, and the 
efficiency was 71%. With this metal local gas evolution was 
visible throughout anodising.
The average composition of the anodic film, calculated 
from the weights of oxygen and uranium contained in it, 
differed with the metal used, being UO^ ^ for 1A 1, UO^ ^ 
for *0*, and UO^ y for *B*. A consideration of the possible 
errors in the determination showed that these results could 
be obtained within 5%> were therefore significant# Film 
composition could not, however, be found with accuracy using 
the individual gravimetric measurements, and it was not 
possible to show whether any change in film composition took 
place as the film thickness increased#
A comparison of voltage-time and thickness-time plots 
obtained during these experiments with others obtained during 
investigation of the kinetics of film growth (5*12), showed 
that significant differences in optical and voltage growth
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rate had taken place. With metal ?A* the optical growth
rate had increased from 5.40 to 5*88 orders/coul and the 
voltage .rate from 40 to 43V/order; with metal *C* the 
optical rate was unchanged, but the voltage rate rose from 
50 to 52V/order; finally with *Bf the optical rate increased 
from a constant value of 4.26 orders/coul to one which was 
initially 5.0 orders/coul up to a thickness of 2 orders, and 
4,47 from 2 to 4 orders. The voltage rate was unaltered 
except between 1.5 and 2,5 orders where it rose from 57 to 
69V/order. It was found that these effects were due to the 
different surface preparation which the specimens had under­
gone; by substituting the standard procedure - brushing 
during electropolishing, and anodising after a short time 
delay - the results approached those normally obtained with 
mounted specimens. Conversely, mounted specimens were found 
to exhibit similar anomalies when dried and allowed to stand 
before anodising.
It appeared, therefore, considering the particular case 
of Metal ?B*, that drying the specimen before anodising 
resulted in a 15% increase in the optical growth rate. This 
effect can most probably be explained by assuming that the 
efficiency of film formation increased from 85% to nearly 100% 
during the early stages of anodising. The errors in the 
gravimetric measurements were such that an effect of this 
magnitude could not be observed experimentally. It was also
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noted during gravimetric experiments, that the plateaux 
observed at low current densities in kinetic determinations 
(5#12), could no longer be obtained.
Table 3.11.1 also shows the calculated density of the 
films (assuming that the refractive index has the value 1,94); 
this is found to decrease from 7*5gm/cm^ fA f to 6.,4gm/cm^
for *B*, fCf being intermediate. Values for the growth 
rate in A.U./V and the formation field are also given.
The results obtained from this investigation show 
that the anodic films possess a composition which cannot be 
identified with any of the known oxides of uranium, and 
which depends on the purity of the uranium used. The 
densities of these films are consistently lower than those 
of the thermally prepared oxides having similar compositions 
(10,4 to 7,9gm/cm^),
The kinetics of film formation cannot be compared 
directly with those found in Section 3.12, since the true 
density of the films cannot be established independently; 
it has, however, been confirmed that the rate of film 
formation is a linear function of charge, within experimental 
error, and it appears that no significant change takes place 
in the film composition during growth.
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5#12 The kinetics of anodic film formation on uranium
In previous sections it has been shown that the 
experimental conditions under which anodic films form on 
uranium are more critical than those for other metals, such 
as aluminium, tantalum, niobium and zirconium# These can 
be anodised in a wide range of electrolytes without affecting 
the kinetics of film formation, and obey closely the 
exponential relationship between formation current and the 
field in"the oxide proposed by Mott and Cabrera# , The only 
electrolytes suitable for forming insulating films on 
uranium were, however, confined to the ammonia-water-glycol 
system, and it was found that changes in the composition of 
the electrolyte within this ternary system influenced the 
experimental results considerably# In addition the kinetics 
of film formation were found to depend on the surface 
preparation and purity of the uranium samples used in the 
experiments# Reproducible results could only be obtained 
by careful control of the experimental conditions (3#.4 & 3*6)#
3#12*1 The anodic oxidation of uranium at constant current
Specimens of each of the three grades of uranium, 
mounted in Araldite as described in 2#2, were used in this 
work, and before anodising were prepared using the following 
standard procedure# They were first ground on grade 0 emery
p
and then degreased and electropolished at 0#6A/cm until a
flat and highly polished surface was obtained# After being 
allowed to stand for 15>sec., unpolarised, in the polishing 
solution they were rinsed in de-ionised water and transferred, 
still wet, to the anodising cell during the next 13 seconds#
30 seconds were then allowed for setting up the specimen for 
intensity measurement, and connection in the polarising circuit, 
before the commencement of anodising*
Before inserting a specimen in the cell the
. i
regulation of the current supply was first checked over the 
whole of the voltage range required, using the internal load ! 
and with a measuring instrument (Avometer or recorder) in |
circuit*
Large stocks of electrolyte were prepared using AnalaR i
0*880 ammonia, taken from Winchesters having the same batch j
number, and water which had been de-ionised by passage through j
!
a mixed bed ion exchange column# fresh electrolyte was used j 
for each run# [
At convenient intervals during anodising, readings were !
1
taken of the cell voltage and of the galvanometer deflection |
which measured the reflected intensity. The surface of the ■ f
specimen was observed visually at the same time. Preliminary j 
experiments had shown that the speed with which the electrolyte j 
was stirred had no appreciable effect on the rate of film j
formation, and in all runs a flow of electrolyte was maintained J
- 1 6 6 -
sufficienfe to sweep away any gas bubbles formed on the 
surfaces of the anode and cathode. All runs were carried 
out at a temperature of 20+l°C.
a) Experiments using Metal *A*
The specimens used in this series of experiments had
an area of 3°m , and anodising was carried out initially in
1> 3> 5 and ION ammonia solution at current densities ranging
p
between 0.3 8mA/cm *
A complete set of results for anodic oxidation in 3N 
ammonia, showing both voltage-time and thickness-time graphs 
for each current density, plotted on a charge basis, is given 
in fig.3.12.1. It can be seen from.the voltage-time plots, 
which have not been corrected for the voltage drop across the 
cell, that after a short induction period the voltage increases 
linearly with time and that the length of the induction period 
is constant. At a certain potential, however, which depends 
upon current density, the slopes of the curves decrease for a 
time and then slowly increase again until they reach 
approximately their original value. As the current density 
increases the voltage-time plot becomes more linear, and the 
maximum formation voltage is seen to rise.
from the thickness-time curves (which have each been 
displaced upwards by 0.123 order from the preceding curve) it 
can be concluded that, within the limits of experimental error,
IU\ O
(A) ©S^IOA TI8Q
— I” 
N~N “1oCM
(p) japjQ eou0J0jJ8q.ui
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the film thickness increases linearly with time - a result 
which is in accord with gravimetric determinations - and that 
the growth rate is independent of current density. Above 2 
orders the rate of film formation and the voltage-time rate 
both decrease, indicating that the efficiency of the process 
has fallen, These results show clearly that the kinetics of 
film formation on uranium can not be accounted for by the 
relationship proposed by Mott and Cabrera, i = AexpBE, where 
linear thickness and voltage-time curves are to be expected.
The formation field was not constant during film 
growth but decreased, corresponding to the appearance of a 
1 plateau* in the voltage-time curve, and subsequently rose 
again. This effect was more pronounced at low than at high 
current densities, A plot of voltage with film thickness is 
shown in fig,4,2,1,(a),
Data for these results are given in Table 3•12,1*
Effect of ammonia concentration
In order to show the effect of concentration of ammonia 
in the electrolyte, similar runs were carried out in 1, 3 a11^ 
ION solutions!
(i) IN Ammonia Solution
The general form of the voltage-time curves is shown 
in fig,3,12,2, ‘ It can be seen that, after correcting for
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the voltage drop in the cell, these curves all coincide 
within 3% up to 40V, Film breakdown occurs between 30 and _ 
63V, the voltage increasing with increasing current density,
r The optical growth rate was found to be constant over 
the first reorders and then decreased. The induction period 
was constant and independent of current density, and required
p
a charge of 120mcoul/cm . The rate of increase of voltage 
was then linear up to approximately 30V after which it 
decreased giving another linear region up to the breakdown 
voltage. (Table 3*12,2.)
(ii) 3N ammonia solution
The form of the voltage-time curves obtained using 3^ 
ammonia is shown in fig,3*12,3* In this electrolyte the
maximum formation voltage rises to approximately 100V, and a 
linear optical growth rate is obtained over 2)4 or 3 orders of 
interference. The voltage-time curves, when corrected for 
voltage drop in the electrolyte, no longer coincide but 
diverge slightly at high current densities, which corresponds 
to a higher formation field in the oxide. This effect is 
not as marked, however, as in 3^ -ammonia. The induction 
period, which is constant, continues during the passage of' 
90mcoul/cm and is followed by a linear voltage rise and then 
by a further linear section having a reduced slope.
It was noted that at the highest current density, the
- 1 7 0 -
voltage-time curve fell below those of lower current density.
The anodic film was found to become more absorbing and the
surface was appreciably rough. This effect was attributed
to heating effects within the film. Vermilyea (3) has noted
that the kinetics of film formation on tantalum were modified
pabove a current density of 2mA/cm
(iii) ION ammonia solution
Using this electrolyte it was found that the slope of 
the voltage-time curves increased considerably with increasing 
current density being doubled as this was increased from 0.3 
to 8mA/cm . At the same time the optical growth rate, up to 
two orders of interference, was found to be constant and 
independent of current density. The average formation field 
therefore increased at high current densities. The general 
shape of the voltage-time curves obtained is shown in 
fig,3*12.4. It can be seen that the shape of the curves is 
similar to those obtained in other electrolytes, but that the 
induction period has disappeared. As the current density 
increases the ’plateau*, which represents a decrease in the 
voltage rate, becomes shorter and the voltage-time curves 
approaches linearity. The maximum formation voltage is 
increased to 200V.
Between 2 and 2]4orders the optical growth rate was 
found to decrease; it again became linear after 2}4orders but

Table 3*12*1 Metal *AJ anodised in 3^ ammonia
Currenfc 
d ens i fry 
mA/cm^
'Optical growth 
rate orders/ 
mA-min*
Initial voltage 
growth rate 
V/mA-min.
Initial 
fieldc 
V/cm xlO
Av* field at 
max. film 
thickness 
V/cm xlO
0*3 0*204 8*7 2*86 2*38
1 0*203 8.8 2*90 2*88
2 0*202 8*8 2*92 3.10
4 0.200 9*0 3*02 3.12
8 0*207 9.0 2.92 2.96
Table 3*12*2 Metal rA f anodised in IE ammonia
0*3 0*208 7.9 2*33 2*06
1 0.200 8*1 2*72 1.78 '
2 0.200 8*8 2*96 1.83
4 0.210 9.0 2*88 1.78
Table 3*12*3 Metal ®A* anodised in ION ammonia
0*3 0.213 6.4 2.02 1*99
: 1 0*216 7*0 2,18 2.11
2 0*217 7*3 2.32 3*45
: 4 0.217 8.8 2,72 3.26
8 0.200 8*9 2.98 3*04
Table 3.12.4 Metal ?A 1 anodised in 6% EEy 44% H20, 30% glycol
0*3 0.200 7.3 2*43 3*02
1 0.217 10.9 3*37 3*29
2 0.213 11.3 3*53 3*24
4 0.221 12*0 3.64 3*48
8 0.208 11*6 3.74 3*52
(1 order £ 1500 AU)
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with reduced slope. At the same time as the rate decreased
gas was observed to form on the anode, and gas evolution was j
then continuous up to the maximum formation voltage. This j
has previously been noted in 3*1* The results are shown j
i
in Table 3*12.3. ' . j
(iv) Electrolytes containing ethylene glycol
j
In order to determine the effect of adding pure j
i
\
ethylene glycol to aqueous ammonia, an electrolyte was j
j
prepared having the following compositions 6% w.w, ammonia, 
44%'w.w. water and 30% w.w. glycol. This was then used 
(at 20°0) to form anodic films on uranium, A typical j
result is shown in fig.3*12.3(a). It is apparent that the j
voltage-time curves are more linear than those obtained using j
is
ammonia solutions, and that the effect of current density on j
the slope and linearity of the curves is reduced. No I
induction period can be observed and it is possible, therefore,! 
to estimate the initial phase change, by extrapolation of j
the thickness-time curve, to be approximately O.lorder. j
The rate of increase of voltage with time is slightly greater 
than with ammonia. ;
Up-to 2 orders of interference a linear optical growth 
rate was obtained, but the slope decreased above this thickness 
The maximum formation voltage did not change markedly with 
current density and was between 140 and 130V for current
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2densities ranging from 0.3 to 4-mA/cm . No gas evolution 
was visible during these experiments, and it was noted that 
the final films were more transparent than those obtained 
in ammonia solution and resembled those formed on Metal TBS,
Results are given in table 3*12,4-.
A series of experiments was carried out at 20°0 in 
pure ammoniated glycol which contained 33gsi/l of ammonia 
(determined by titration with hydrochloric acid using methyl 
red indicator).
Specimens were prepared as described previously but 
were rinsed finally in a little of the electrolyte, in order 
to avoid introducing water into the electrolyte, before 
insertion In the anodising cell.
As observed previously during low temperature studies 
by Flint (11), the voltage rose to a definite plateau (6.5^) 
for some minutes and then very slowly began to rise again. 
Owing to the change in surface preparation the long induction 
period, which was attributed by Flint to the effect of an air 
formed oxide film, was absent. The rate of increase of 
voltage with time was constant for all current densities up. 
to the plateau, and then rose slowly at a rate substantially 
independent of the current density. Optical measurement of 
the initial growth rate could not be carried out accurately 
since the plateau occurred at a film thickness of about 123ATJ
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only. From the slope of the intensity curve it was 
estimated to be 20AU/V. After the plateau was reached, gas 
evolution took place steadily and prevented an evaluation of 
the film thickness. It appeared, however, that the optical 
growth rate was approximately the same at all current 
densities and was estimated as 36AU/mA~min.
Since it was evident that an appreciable amount of 
localised corrosion took place in ammoniated glycol once the 
plateau potential was reached, these experiments were not 
continued. It was, however, thought of interest to add small 
quantities of water to the electrolyte and to determine its 
effect on the plateau potential and rate of film growth.
An electrolyte was prepared containing 28gm/l of 
in pure glycol (the water content being given as 0*3%) an  ^ to
this were added small controlled quantities of 2N ammonia
/
solution. In this way a series of electrolytes containing 
1> 2, 4, 8, 16, and 32%v.v. of water were prepared, the 
concentration of NH^ in each being approximately constant at 
28gm/l. Specimens were anodised in this electrolyte at a
p
constant current density of 0»^mA/cm f
The results are shown in fig#3#12*5« (b) it can be 
seen that a considerable increase in the plateau potential 
occurs for small water additions until, in an electrolyte 
containing 32% water, the plateau disappears completely and
- 1 7 6 -
Voltage (V)-charge (Q) curves for Metal fA f 
Vig.3«12#5 (a) in mixed ammonia-water-glycol electrolyte
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V
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Q(m-coul)
Fig,3*12*3 ("b) in ammoniated glycol with controlled water 
I additions
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the voltage-time curve approaches that of aqueous ammonia.
For all compositions the rate of increase of voltage with 
time is constant and slightly greater than that in JW ammonia 
solution. The optical growth rate during the initial voltage 
rise, however, appears to increase with increasing water content.
These results are summarised in table 3*12.5*
b) Experiments using Metal fB*
2The specimens used in these experiments were 3cm I*1 
area and were cut from sheet 0.8mm thick and mounted in 
Araldite. After preparing the surface and setting up the 
specimen in the anodising cell, as described for Metal ?A*, 
anodising was carried out at current densities in the range
0.5 to 16mA/cm^.
A complete set of results obtained in this way.using 
5N ammonia is shown in fig,3*12#6.
The chief characteristics of films formed on high 
purity uranium have already been described in 3*5* Ib- 
general it may'be said that they are more transparent than 
those formed on Metal ?A f and that thicker films Can be 
formed which have a correspondingly increased formation 
voltage. The voltage-time curves of fig.3*12,6 show that 
induction effects do not occur with this metal but there is 
a similar departure from linearity at higher voltages as 
observed with Metal *A T.
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At low current densities a well defined plateau was 
formed during which visual observation showed that some 
absorption of light was taking place, together with a green 
fluorescence of the metal surface. Up to this stage the 
films formed on Metals JA S and fB* were similar* However, 
after the plateau the voltage increase with fB! was accompanied 
by the formation of a transparent film which continued to 
grow to a relatively high voltage (230 - 260V) before breaking ; 
down. The optical thickness curves of Fig,3*12,6 show that 
a substantially linear growth of oxide took place over 3 
interference orders (cf*2,3 orders for fA*), and that the 
rate of growth was independent of current density.
p
It noted that for current densities of 4mA/cm and 
over, the voltage-time plots lay below those for lower j-
currents. This was also observed with *Af, and suggested j
that heating effects took place within the film and thus 
modified its properties.
The results of these experiments are summarised in 
table 3*12.6. «
As before, significantly different results were 
obtained as the concentration of ammonia in the electrolyte 
was changed. These are described below.
(i) IN ammonia solution
Some difficulty was experienced in obtaining reproducible
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results in this electrolyte at low current densities, since 
film breakdown sometimes took place at a low voltage. This 
effect disappeared at high current densities.
The general shape of the voltage-time curve is shown 
in fig,3*12.7* When corrected for voltage drop in the 
electrolyte the curves for all current densities coincide 
within 2% up to 30V. A transparent film is formed over 3 
orders of interference, up to a maximum formation voltage of 
230V, and the growth rate is independent of current density, 
(Table 3.12.7).
(ii) ION ammonia solution
The general form of the results obtained are shown 
in fig,3.12.8, It should be noted that the shape of the 
voltage-time plot changes considerably as the current density 
increases. This effect is very similar to that observed with 
metal *A! in a similar electrolyte, . The maximum formation 
voltage rises to 360V, and the optical growth rate is linear 
and independent of current density* (Table 3.12,8).
(iii) 0,880 ammonia solution (17N)
The composition of this electrolyte was difficult to 
control owing to' evaporation, but a number of experiments were 
carried out. It appeared that a partly absorbing film was 
formed in all cases, and the slope of the voltage-time curve 
was found to be independent of current density.
-180-
Voltage(V)—charge (Q) curves for Metal fB* (constant current)
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Table 3,12.5 Metal *A* anodised in ammoniafeed
glycol (28gmNH^/l) + water
Water
Cone
% W
Optical 
growth rate 
orders/mA-min.
Voltage 
rate 
: V/mA-min,
Plateau
potential
(volts)
Film thickness 
at plateau 
(AN)
Field' in 
oxide r- 
V/cm xlO
0.5 0.153 11*4 6 123 5*1
1 0.173 11*4 7 133 4*4
2 0*185 11*2 U * 3 330 . 4*0
4 0*204 11.4 20 580 3*7
8 0*212 11.4 25 7 00 3*6
16 0.216 ! 11.0 36 . 1530 3.4
32 0*212 10*6 3.4
(1 order ^ 1500 ATT)
*
Table 3*12*6 Metal *Bf anodised in 5N ammonia
Current 
i density
mA/crn^
Optical growth 
rate.orders/
mA-min.
Initial voltage 
growth rate
V/mA-min.
Initial
field
V/cm x 10^'
Av. field at 
max* film 
! thicknessa 
V/cm xlO
0.5 0*232 9*4 2*72 2*88
1 0*250 11.6 3*12 3*32
2 0.250 12.8 3*44 3.32
4 0*247 13.8 3*73 : 3.13
8 0.245 13*4 3.77 3*25
16 0*247 12.0 3*42 e 3.20
Table 3*12.7 Metal *B? anodised in IN ammonia
1 0*236 10*9 3-12 1.92
2 0.237 11.1 3.16 2*25
4 0.238 : 11*3 3.21 3.36
8 0*239 10*9 3.08 3.42
16 0*233 11*1
/ 5
3.22 3*32
Table 3*12.8 Metal 'B* anodised in ION ammonia
1 0.271 10.0 2*48 2,80
2 0.261 11.7 3.01 2*77
4 0.260 12.8 3.30 3.46
8 0.236 12*9 3.38 : 3*44
16 0*253 11.6 3*05 3.62
1T~- ■ “ ' 1 u 1 ' '
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The optical growth rate was substantially linear, but 
absorption in the oxide limited the number of maxima and 
minima that could be located. Above ^OV some gas evolution 
was noted.
(iv) Electrolytes containing ethylene glycol,
The results obtained on anodising Metal *B* in 
ammoniated glycol containing 35gE1/l of ammonia were similar 
to those for Metal ’A*. -The voltage-time rate and the 
plateau potential were unchanged. Owing to the limited film 
thickness attained, and the experimental difficulties involved 
in making optical measurements, no systematic study was 
carried out using this electrolyte. A number of experiments 
were carried out, however, using ammoniated glycol to which 
small quantities of water had been added, the results were 
in agreement with those obtained with Metal ?A*. The plateau 
potential again rose as the quantity of water in the 
electrolyte increased, and later disappeared, giving curves 
similar to ammonia solution. The voltage-time rate up to 
the plateau remained unchanged and was identical to that 
obtained in 2N ammonia solution. Both the voltage and 
optical growth rate became linear after the addition of 8% 
water (c.f. 52% for ?A*)#
0) Experiments using Metal fG?
It was noted in 3*10. that the presence of impurities 
in this material, which was intermediate in purity to Metals
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*A! and ?Bf, caused frequent breakdown • during anodising#
By carefully electropolishing until all local impurities were, 
etched out, however, a few reproducible results were obtained# 
The voltage-time curves in-^N ammonia were similar to those 
found using metal *Bf, and the optical, growth rate was 
independent of current density. Above 2 orders the efficiency; 
appeared to drop slightly, and some gas evolution was noted#
From the intensity curves and the appearance of the final 
films it was found that more absorption of light took place 
in this oxide than in that formed on *B?#
1 i
3*12.2 The anodic oxidation of uranium at constant voltage
In 1.1. it was noted that when films are formed at 
constant current until the desired voltage is reached and 
then the voltage is held constant while the current decays, 
only a small increase in film thickness takes place which 
cannot be measured accurately. It is difficult, therefore, |:
to establish the growth rate. Also the efficiency of film 
formation drops steadily with increasing film thickness, so 
that plots of logi with logt depart from linearity* i
A number of experiments were carried out using this '
method, but the complexity of the results already obtained 
on anodising at constant current suggested that the 
interpretation of these results would be difficult.
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Mebal ?A*
When specimens were formed bo less than 30V, and the 
current then allowed to decay at constant voltage, a linear 
plot of logi with logt was obtained. After about
however, the current attained a constant value of about
o
40;pA/cm , using both mounted and unmounted specimens, and on 
removing the specimen from the electrolyte it was found that 
some local attack of the film had taken place, with the 
formation of numerous gelatinous outgrowths. This limiting 
current was therefore interpreted as a corrosion current,
When films.were formed bo above 30V, the current no 
longer decayed steadily but oscillated showing that some 
break-down was taking place. No analysis of film growth was 
carried out.
Metal ?E! ‘
Using this metal it was found that a rapid decay of. 
current took place to a low value, and a linear plot of logi 
with logt was obtained. When the formation voltage.was 
greater than about 20V, however, the rate at which the current 
decayed was reduced appreciably. Optical measurements 
carried out at the same time showed that the efficiency of 
film formation was still high, about 80%, and it appeared, 
therefore, that an oxide film requiring a low formation field 
was being formed. The appearance of the specimen suggested
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this film could be identified with the absorbing transition 
layer formed during anodising at low current density* In 
this voltage range the rate of current decay under identical 
conditions was found not to be reproducible*
In ammoniated glycol it was not considered useful to 
carry out measurements at constant voltage since gas evolution j 
occurred above the plateau potential, and would be expected to ' 
reduce the efficiency of film formation to a low value* This hi 
would result in a low rate of current decay which has, in fact 
been observed by Flint (11)* <
|.
3*12*3 Voltage-current characteristics of the anodic film j'
* ; j
This represents the third possible method of relating h; 
two variables in the expression i - AexpBB while keeping the : | 
third constant. In this the film thickness is kept constant, 
and the changes in current which result when different voltagej 
are applied across the film are noted*
■ ; i.
Clearly the application of a voltage to an anodic film j 
may, if it approaches the formation voltage, cause the film to
grow further and thus invalidate the measurements, Charlesby : !
(10) has suggested a method by means of which this may be i
overcome, but this is only valid provided that the film
properties remain constant during formation. With uranium 
this condition was not fulfilled, and the following method 
was therefore used.
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Specimens were prepared as described in 3*1 and 
anodised at a suitable constant current density until a 
selected voltage was reached. At this point the current was 
rapidly reduced to half its previous value and the new voltage 
noted. The time taken in this determination was not 
sufficient for appreciable film growth to have occurred,
The current was then reduced still further in convenient 
steps and the corresponding voltages again noted. In this 
way it was possible to construct a curve showing the 
relationship between current and voltage for an anodic film 
having a definite thickness. By plotting i logarithmically 
with voltage (or formation field, B), it is then possible to 
determine approximately the values of the four constants in 
the expression relating current and field in the anodic film,
i.e. i c AexpBE + CsinhDB In this the first term
represents the ionic current, which results in film growth, 
and1 the second the electron current.
Measurements were carried out using anodic films 
formed to thicknesses of 1 and 2 interference orders on Metal 
*A? and 1, 2 and 3 orders on Metal fB®, and the results are 
shown in Eig,3*12,9.
The form of the curves is similar for both materials, 
and shows clearly the onset of ion current with increasing 
current density. These curves are similar to those shown 
in (4) and it appears that the current passing through the
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film can be analysed into electronic and ionic components,
The values of the constants A, B, G and D obtained for each 
film thickness are shown in Table 3*12,9,
It can be seen that the value of B is substantially 
the same for both materials, but that A is greater by a 
factor of 10, thus resulting in a slightly lower value of 
formation field.
The values of D are also comparable, but C is greater 
for Metal fA ! than for Metal fBf, corresponding to greater 
electron current flow in this material,
With increasing film thickness the values of the 
constants change markedly. Since these voltage-current 
characteristics were obtained using a film whose structure 
changed with thickness, a more detailed analysis has not been 
carried out in the present work.
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Table 3.12.9 
Voltage-current Characteristics
Metal ’A 1
Eilm
Thickness A(A/cm^) B(cmA) C(A/cm2) D(cm/V)
V ' '■ ■ ■...
i 1 order
1
1 x ICT9 5.2 x 10“8 1.2 x 10-5 8.8 x 10~5
| 2 orders 1.8 x 10-8
--- -
3.9 x 10-6 6 x 10-6 1.4 x 10-6
(1 order = 1500AU)
Metal «B»
1 Eilm 
j Thickness A(A/cm^)
1
B(cm/V)
r”
C(A/cm ) D(cm/V)
>
| 1 order
i
1.5 x 10“10 5.3 x 10-6 6 x 10 9.8 X 10“5
(
j 2 orders 2,3 x 10~9 4.0 x 10“6 1.1 x 10-6 9,5 x 10-5
i
] ^ orders 
!
5 x 1CT9
,
.3,6 x 10“6 7 x 10"? 1.2 x 10~6 
.1
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S5CTI0N 4 
DISCUSSION
The present work consists of a detailed study of the 
conditions necessary to form anodic oxide films on uranium, 
and has been primarily concerned with electrolyte composition, 
kinetics of film growth, and the physical and chemical 
properties of the oxide film. It has been found necessary to ;j 
devise several experimental techniques for studying various 1 
aspects of the work. It is considered that these methods |
although developed for this particular work, might have a |
more general application in studies of anodic oxidation, and
| ij
they have therefore been reviewed briefly in 4.1 before |
proceeding to discuss the experimental results in 4.2 and 4.3* i
4.1 Experimental techniques |
" f'
The electronically controlled power unit which was j
constructed to deliver constant current and current voltage 
for anodising, with provision for recording either the 
current or voltage, is considered to be essential for carrying jl 
out a detailed study of anodic film formation. By its use 
substantially perfect regulation of the formation conditions 
could be obtained, and the accuracy of voltage and current 
measurement could be considerably improved over that using 
manual control. A particularly useful feature of the present
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design is that the output impedance of the constant current 
source can be made infinite even when connected in parallel 
with a moving coil voltmeter. Very good current regulation 
is thus obtainable over the whole of any required voltage 
range. Provision is also made for switching from constant 
current to a predetermined constant voltage during anodising.
Owing to the short time constant of the supply, it is 
possible to study voltage transients during film.formation 
by connecting a high impedance oscilloscope in parallel with 
the anodising cell.
The recorder system has been found to be most useful 
during formation at high current densities. The unit 
described in 2.3 has given satisfactory service over a 
period of three years.
A further technique which has been developed in this 
work is a method of estimating anodic film thickness during 
formation by measuring the intensity of light reflected 
normally from the surface. It has been shown in 2.3 that, 
owing to the formation of an oxide whose composition could 
not be determined exactly and whose properties did not 
correspond to those of thermally prepared oxides, no values 
for density or dielectric constant can be assumed, so that 
gravimetric and capacity measurements are not possible,
Of the available optical methods, viz. interference
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colours, absorption spectrophotometry, and polarisation 
measurements, the last two are considered unsuitable owing 
to the complex apparatus required. The interference 
methods have therefore been investigated.
Direct colour matching using a calibrated air film 
is liable to error, and in anodising studies it is more 
usual to use coloured films as reference standards only, e.g. 
Vermilyea calibrated a standard oxide step wedge by gravimetric 
measurements, assuming a value for the density of TagOj-.
With increasing film thickness, however, the colour changes 
become less marked due to overlapping orders, and the 
possibility of error increases.
In order to retain sensitivity at greater film 
thicknesses, it was decided to reflect a collimated beam of 
monochromatic light from the surface of the specimen and to 
measure the changes in intensity which took place during 
film growth. Since bright, flat surfaces could be formed 
by electropolishing,'this method was practicable and a 
suitable apparatus was constructed. Eor estimating film 
thickness a value of the refractive index was required and 
2*3 describes the determination of n and k for the metal and 
for the brown absorbing oxide layers formed on 1A*, from 
which a theoretical reflectivity-film thickness curve was 
calculated. It was found, however, that this was not in 
agreement with the experimental results, and it was shown
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that a transparent oxide was formed during the early stages 
of anodising. The experimental curves were, however, 
reproducible and could be used to locate accurately the 
maxima and minima of interference. Also, by using a linear 
interpolation between the maxima and minima, it was pbssible 
to detect very small changes in film thickness such as those 
occurring during formation at constant voltage. A comparison 
of curves obtained under different anodising conditions could 
also be used to show qualitatively how the film properties 
were modified.
To find a value for the refractive index of the 
transparent oxide film, multiple beam interferometry was 
carried out using pure uranium. • The two methods used have 
been described in 3*9» It may be noted that both of these 
depend on the solubility of the anodic film in acid solution. 
This property of the film on uranium is unusual as the 
refractory oxides which form on Zr, Ta, Nb, and Ti, cannot be 
removed from the base metal in this way. Neither method is 
applicable, therefore, to these materials.
The results obtained in this investigation showed that 
there was little difference between the refractive indices of 
the absorbing (1,87) and transparent (1,94) films, and that 
both values were considerably lower than that obtained for 
sintered ITO^  (2,23) by a direct Brewster angle determination,
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It is considered that the application of similar 
intensity measurements to other anodising studies might ' 
prove useful, particularly if sufficiently good agreement 
between the calculated and experimental intensity curves 
could be obtained to enable continuous measurement of film 
thickness to be carried out. The method might, for example, 
be applied to tantalum where it has been shown that with the 
stable and transparent oxide film formed, a very regular 
intensity curve is obtained.
^y the use of these experimental techniques it has 
been found possible to relate with accuracy the voltage, 
current, and film thickness, during the formation of films 
on uranium.
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4.2 Experimental
Prior to the general discussion in 4.3, it? is 
considered desirable to review the significant features of 
the results obtained in the present work. For convenience 
these have been classified as follows?
1) Anodising electrolytes
2) Composition of the anodic film
3) Properties of the anodic film
4) Anodic oxidation of uranium
4,2.1 Anodising electrolytes
In a previous study of the anodic oxidation of uranium 
(11), it was, found that anodising was possible only in 
ammoniated glycol. No insulating films could be formed in 
aqueous electrolytes.
A study of electrolytes which has been carried out in
2.4 has confirmed that, of a number of non-aqueous systems 
investigated, only ammoniated glycol permits film formation 
to take place. Investigation of several neutral or weakly 
acid aqueous solutions has led to the conclusion that, although 
a thin oxide film does form in electrolytes containing low 
concentrations of salts of a weak acid, e.g. 1% ammonium 
borate, the final voltage attained is limited by breakdown at 
localised impurities in the metal. This results in pit 
corrosion with the production of yellow or black outgrowths,
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probably consisting of hydrated higher oxides, and is found 
to occur even when pure reagents are used.
No anodising was possible using solutions of weak 
acids (e.g. citric acid) or certain salt solutions (e.g. sodium 
bicarbonate), the metal dissolving uniformly without pit 
formation. It would appear from thermodynamic data that at 
pH values below 7, in the above electrolytes, the oxide is
} |-i- xj.
unstable. Dissolution of the metal as N or NOg is, 
therefore, to be expected.
\ i
Only in alkaline solutions was it possible to form an 
insulating film. In caustic soda (10% w.v. solution), a 
passive type of film was formed in which, after an induction 
period, the cell voltage rose rapidly to about 30V with 
subsequent gas evolution. After breaking the cell circuit 
for a few seconds and then re-polarising, this rise in voltage 
recurred. It appeared, therefore, that an-anodic product was 
formed which was sufficiently stable to protect the metal 
surface and thus cause the potential to rise locally to a 
value at which oxygen evolution occurred, but which dissolved 
in the electrolyte on removing the polarisation, probably 
forming a soluble peruranate.
Ammonia solution was the only aqueous electrolyte 
investigated which enabled stable protective films to be 
formed. Using impure metal (’A*) a brown absorbing film was 
formed at a maximum formation voltage of 130V, whilst with
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high purity uranium (!B f) it was possible to produce 
transparent films up to a formation voltage of 270V, The
voltage-charge relationship was substantially linear, and 
the optical growth rate of the oxide was linear (at constant
A
current) in both cases.
The significant feature of this investigation was that 
consistent anodising results could only be obtained by using 
electrolytes based on the ternary ammonia-glycol-water system 
and that oxide films could be formed in these electrolytes 
over a wide range of composition. Experiments carried out 
In aqueous ammonia, from 1 to 17N, showed that the results 
were dependent on the ammonia concentration, and that no 
anodising was possible in concentrations less than IN.
Since the pH range covered was only 11*5 to 12.5* it would 
appear that the actual ammonia concentration rather than pH 
was the significant factor in determining this effect. A 
caustic soda solution having a pH within this range gave 
rise to pitting without film formation. This unique 
property of ammonia will be discussed further in 4,5*
4 .2,2, Composition and structure of the anodic film
Electron and X-ray diffraction studies have shown 
that the assumption that the anodic film on uranium consists 
solely of UOg is not justified. Using Metal fA® all 
patterns showed diffuse haloes of UO^ which sharpened on 
standing or on heating. These patterns were identical
-199-
wit h those obtained by Flint (11), using ammoniated glycol, 
and the crystallite size was estimated to be 10 to 15AU.
Only electron diffraction studies showed a single unidentified 
halo corresponding to a spacing of 4.5AU,
High purity uranium gave no diffraction pattern, 
whether the metal was electropolished or anodised, and only 
on standing were the UO^ lines developed.
A microscopic examination of the metal surfaces showed 
that metal ?A ? contained discrete crystalline impurities, 
which occupied 4% of the total surface, while metal *B? was 
almost completely free from inclusions. Since these 
inclusions consisted largely of oxide, the observed TJO^  
pattern in the case of metal ,A* might have resulted from 
diffraction of the electron beam by the inclusions rather 
than by the film. . .
Gravimetric estimations were carried out, in order to 
determine the oxide composition more exactly. This was 
possible owing to the solubility of the anodic film and 
insolubility of the metal in acid solution, which enabled 
not only the weight increase due to uptake of oxygen to be 
found, but also the total weight of the film. These 
experiments showed that the composition of the oxide on 
metal !A* was U09  ^ on metal *B? U0o n while metal fC', 
of intermediate purity, gave an oxide UC^ ^ It appeared
therefore that the oxide composition depended on metal 
purity, tending towards a composition of UO^ with purer 
materials.
Taking these results into consideration, it was 
concluded that although the diffuse UO^ patterns obtained 
from metal TA 5 before anodising might have resulted from 
the oxide inclusions, the patterns obtained after anodising 
were, in fact, produced by the oxide and not by the 
inclusions. The fact that no pattern was -obtained from 
metal suggested an amorphous structure. Both films 
were unstable at room temperature, and gave a UO^ pattern 
on .standing in air,
4.2,5* Properties of the anodic film
The anodic films formed on both ?A ? and fB* were 
found to be partially soluble in weak acids (e.g. 10% 
citric acid) and completely soluble in mineral acids (e.g. 
sulphuric acid). However, complete dissolution of the 
films by the latter only took place when they were treated 
immediately after anodising. If there was a delay longer 
than 1 hour a coloured film remained on the metal surface. 
Investigation of this ageing effect has shown that the 
kinetics of formation of the stable film_, which was 
identified as JJ0o were identical for metals *A*, *B9, and
c.%
?C ?, and followed a law of the form xFWt. where x « film
thickness, t = time, and n = 4.5* This ageing effect was 
independent of the anodic film thickness, and could be 
distinguished from a relatively slow oxidation of the metal 
which took place through the oxide layer and followed a 
logarithmic law. The effect has therefore been identified 
with the recrystallisation observed in electron and x-ray 
diffraction studies.
On dissolving the film formed on metal ?A t in acid, 
it was found that a small quantity of gas was evolved which 
was subsequently identified by its emission spectrum as 
nitrogen. Gas was also released when films were treated
I
with caustic soda solution. A very much smaller quantity 
was released from films on metal
It is considered unlikely that this nitrogen results 
from decomposition during dissolution of an unstable 
compound derived from ammonia which is incorporated in the 
film. Nitrogen gas might, however, be produced at the 
anode by oxidation of ammonia in the presence of a suitable 
catalyst, such as a finely divided oxide, and might then 
be occluded in the film structure. References in the 
literature (45) suggest that the nitrogen can be occluded in 
hydrated uranium oxides. It would appear probable, 
therefore, that the films which form on uranium consist 
partly of a hydrated oxide, which occludes nitrogen, the 
amount of hydrated material being greater for ?A S than ?B ?,
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Observation of the red-brown outgrowths found on forming 
thick anodic films on metal f A ?, has shown that relatively 
large quantities of gas are released preferentially from 
these areas on-treating with citric acid. This suggests 
that the outgrowths, which often correspond to grain 
boundaries and which may result from the presence of 
impurities, consist of a hydrated oxide.
Microscopic examination of anodised uranium has shown 
very clearly the difference in appearance between the 
transparent and absorbing films. On both metals the film 
appears uniform in thickness except around certain local 
elements, up to a thickness of approximately 1500AU, after 
which the surface appears to become slightly rough. The 
roughness has been estimated from interference colours to 
be of the order 100AU. During further growth the film on 
metal ?A* continues to be rough, and begins to absorb light 
appreciably, while metal ?B® shows only a temporary 
absorption after which the film again becomes transparent,
A most interesting observation has been that above 1500AU 
sharply defined grain boundaries having a different 
interference colour to the surrounding areas appear on the 
anode. Examined closely, these lines present a dotted 
appearance, which is similar to that which occurs over the 
rest of the film surface at this thickness, and which can 
probably be attributed to the presence of impurities. As
the film grows the grain boundaries become less marked, but 
with 5B ? at high voltages, brown outgrowths (very similar 
to those on *A' but fewer in number) are observed along 
part of their length.
From the above considerations it seems likely that 
the impurities in metal JA ? were directly responsible for 
the formation of the brown absorbing film, which contains 
appreciable quantities of occluded nitrogen,. and probably 
consisted in part of a hydrated oxide. In metal *B? the 
impurities, and therefore the absorbing film, were localised 
mainly along grain boundaries. There was, however, a 
transient absorption observed during the formation of this 
oxide which suggests that for a time the hydrated oxide was 
formed.
4.2.4 Anodic oxidation of uranium
Anodising was carried out over part of the ternary 
ammonia-water-glycol system, which was the only system in 
which consistent results could be obtained without appreciable j 
attack on the uranium. The formation kinetics and 
characteristics of the film depended upon the electrolyte 
composition.
a) Ammoniated glycol
Anodising was possible over a range of concentrations 
10 to 75gmNHy'litre? below 10gm/l pitting only occurred.
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When the uranium surface was ground on emery before 
anodising, a long induction period occurred with general 
gas evolution. A similar effect was observed by Flint (11)# 
Electropolishing the metal caused this induction period to 
disappear, whilst gas evolution became localised#
On anodising at constant current a linear voltage 
rise and linear film growth took place up to a plateau 
potential of 6#5V# At this potential gas formed suddenly 
over the whole of the surface and reduced the efficiency to 
a low value. Gas evolution continued at all voltages 
above the plateau and, in addition, corrosion took place#
The behaviour of both metals rA ? and ?B® was substantially 
the same, but the oxide growth rate above the plateau was 
greater for *B? than for ?A ?#
On adding controlled quantities of water to an 
ammoniated glycol electrolyte, it was observed that the 
plateau occurred^at a higher potential. There was a 
corresponding increase in film thickness, and the optical 
growth rate appeared to increase from approximately 12 to 
30AU/V, although the voltage rate remained constant and 
differed little from that observed in aqueous ammonia#
It was concluded that the formation of a plateau 
together with gas evolution was a unique property of this 
electrolyte, rather than of the metal, and that the water-
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content was the chief factor controlling the plateau potential 
Since the conductivity of the electrolyte increased regularly 
with increasing water content it seems probable that this 
may be responsible for the effects observed.
These results might explain previous observations
(11) that the plateau sometimes disappeared on diluting 
ammoniated glycol with pure glycol.
b) Ammonia solution
Ammonia solutions in the range 1 to 17N were found, 
to be effective electrolytes for film formation on uranium.
The results of constant current determinations showed that 
the maximum formation voltage increased with increasing 
ammonia concentration and current density. Induction 
effects, associated with gas evolution from local impurities, 
occurred for shorter times with increasing ammonia 
concentration, and in a given electrolyte their duration 
was inversely proportional to the current density (i.e. a 
constant charge was required),
.Up to about 30V the films formed on both metals *A* 
and *BJ appeared to be similar and were transparent.
When allowance was made for the difference in formation 
efficiency, both the optical and voltage growth rates were 
comparable. Above JOY the voltage growth rate was found 
to decrease and the films began to absorb light, but the
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optical growth rate remained unchanged# A temporary green 
fluorescence of the anode was observed between JO and JOY, 
possibly associated with the production of UO^ hydrates 
at the oxide-electrolyte interface, and simultaneously the 
surface became rough and grain boundaries were visible 
under the microscope#
Above 40V the behaviour of the anode was dependent 
on metal purity# With metal SA® the formation of an 
absorbing brown oxide continued up to the maximum formation 
voltage, while with the film again became transparent#
The maximum formation voltage was considerably higher 
using *B9, and there was no induction period on commencing 
anodising.
The optical growth rate was substantially constant 
during film formation for each metal, and was independent 
of current density# In ION ammonia, above J0Y9 there 
was some reduction in efficiency through gas evolution#
A useful way of presenting the data obtained is as 
graphs showing voltage plotted against film thickness.
These are shown in .fig.4.2.1, and from them the values of 
the average field V/d, and the instantaneous formation
field, AV can be found.ScT
It can be observed that, although higher voltages 
are obtained with'!B 5, the form of the curves for both ?A*
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and 9 B* over their common voltage range is similars for 
a given electrolyte. At low ammonia concentrations the 
curves for all current densities coincide up to 40V, and 
are followed in the case of 9 A 9 by film breakdown. When 
the ammonia concentration increases (e.g. in NH^), the 
field depends more on current density, being reduced at 
lower current densities. Above 50V, however, an increase 
in the instantaneous field occurs, which is independent of 
current density, and the value approaches that of the 
initial field. Finally in ION ammonia it can be seen 
that long plateaux, which correspond to the formation of 
an absorbing oxide layer, are formed at low current 
densities. However, the instantaneous field later rises 
again to a high value which is independent of current 
density. A significant feature of these, results is that 
the final value of the field, 5*8 x 10 V/cm, is the same 
for both 9A 9 and ’B {, irrespective of the apparent 
difference in film composition and properties. It may 
also be noted that the lateral displacement of the curves 
caused by the plateau is retained up to the maximum 
formation voltage. This suggests that the ”low field” 
oxide formed during the voltage plateau retains its 
identity within the film structure.
f-209-
4.3 Discussion
The present investigation has shown that the 
anodising properties of uranium differ in several respects 
from other metals. The majority of these form only a 
single oxide whose properties and composition are constant 
throughout growth of the layer and are independent of 
changes in the electrolyte and the conditions of formation. 
Uranium, however, forms insulating films only in electrolytes 
within the ammonia-glycol-water system (and certain other 
systems containing ammonia or an amine), the properties 
of the film depending not only on the exact composition of 
the electrolyte and the forming conditions, but also on 
the purity of both metal and electrolyte,
A particular feature observed during anodising at 
constant current has been the appearance of a * plateau’ 
at which either gas evolution or a change in oxide 
structure occurs, A phenomenon of this type has been 
noted by Maraghini & van Rysselberghe (48) during 
apodising of zirconium, when a plateau was found to occur 
at a potential of IV relative to the saturated calomel 
electrode. The efficiency was 100% before the plateau 
but subsequently became very small,' with continued oxygen 
evolution. Ho explanation has been offered by these 
authors, however, to account for this sudden change in 
the anodic process.
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The limited range of electrolytes available for 
anodising uranium can be most readily accounted for by 
reference to the equilibrium pH-potentiai diagrams for 
the uranium-water system, in which the regions of 
thermodynamic stability of the oxides and hydrates of 
uranium have been calculated using published free energy 
data, e.g. Pourbaix (31)* Only when the pH>7 is 
protective film formation likely to occur, since both 
UO^ and UO^ and their hydrates tend to dissolve in acid 
solutions. Although the particular role played by.the 
ammonia is not clearly understood, one of its functions 
is to provide an alkaline medium in which oxides and 
hydrates have a low solubility, and which would therefore 
tend to stifle any local action due to impurities in the 
metal. The fact that nitrogen, derived from the electrolyte, 
is found to be retained within the anodic film suggests 
also that ammonia is essential for the stability of the 
layer.
A fundamental consideration in formulating a 
mechanism for anodic oxidation, is a knowledge of the 
conduction processes within the oxide. There appear to 
be little published data regarding the properties of 
uranium oxides, but some investigations have been carried 
out on the UO^ system. These refer to the thermally 
prepared oxide only. Hartmann- (32) has shown, by
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measurement of the Hall Effect, that U02 is a p-type 
semiconductor, i.e. that, conduction takes place in the 
oxide by migration of positive holes. He further 
considers that this oxide belongs to the cation deficit 
class of semiconductors (which includes Cu^O for example), 
in which a number of uranium ions are missing from the 
lattice, the residual charge being neutralised by the 
formation of electron deficits which may be localised as 
U cations. Recent work by Anderson, however, (53) 
has suggested that UO^ belongs to the less common anion 
excess class of semiconductors, in which an excess of 
anions enters the oxide lattice interstitially, electrical 
neutrality being maintained as before by the formation 
of H cations. The increased charge and smaller diameter 
of these ions would, he considers, account for the fact 
that no change takes place in the lattice dimensions as 
the composition is changed by uptake of oxygen between 
U02#o and U02 20 Between U02 2q and U02 2g a tetragonal 
structure is observed, and complete saturation of all the 
interstitial positions would give an oxide having the 
composition IJ0o nv-
It does not appear possible at this stage to say 
which of these alternative mechanisms represents the 
conduction process in TT0o This question will becL »
referred to again after a detailed examination of the
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phenomena observed during anodic oxidation.
The presence of discrete impurities, which are 
observed in metal fA®, and to a lesser extent in metal *B9, 
would be expected to influence the early stages of 
anodising, and some gas evolution does in fact occur at 
localised points over the metal surface. This can be 
accounted for by assuming that a high field is built up 
in the oxide during the early stages of film formation, 
but that at impurities no film is formed, so that current 
becomes diverted to these points. The subsequent behaviour 
of the anode may be expected to depend on the surface 
reaction which takes place at these local elements? in 
acid electrolytes, metal dissolution is the most probable 
reaction, and will occur in preference to oxide growth 
thus resulting in pitting. If this local current rises 
to a sufficiently high value, the potential of oxygen 
evolution may be reached. In alkaline solution there 
is a greater possibility of a coherent precipitate of 
oxide or hydrated oxide being formed locally, thus tending 
to stifle the reaction and permit general oxide growth to 
recommence. This is believed to be the case for uranium, 
where it is noted that the charge required to overcome 
the induction period is constant and decreases with 
increasing ammonia concentration. Gross contamination of 
the surface, e.g. with graphite, or alternatively grinding
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or scratching, can result in prolonged induction periods. 
Since the surfaces used in anodising were freed from 
worked layers by electropolishing, it seems probable that 
impurities rather than surface defects caused the 
induction phenomenon.
In all electrolytes of the ammonia-wa ter-glycol 
system a period of linear growth followed, with formation 
efficiencies of 70 to 90%, and it would appear from the 
kinetics of film growth, and the physical properties of 
the oxides that there was little difference in the films 
formed on the different grades of uranium up to the 
plateau potential.
At about 30V grain boundaries became visible,
together with small red spots whose size approached the
resolution limit of the microscope and which numbered,
11 2very approximately, 10 per cm * At the same time a 
sudden electrical breakdown of the film was observed, 
using an oscilloscope, but this was not sufficient to 
influence the growth rate appreciably. A green fluorescence 
of the surface was noted at the same time, and the 
formation field began to decrease.
These phenomena clearly resulted from a change in 
surface reaction at the anode, with the formation of a 
low field oxide, and the fluorescence observed strongly
suggested that uranyl ions were present in the electrolyte, 
and probably resulted from slight dissolution of UO^ or a 
hydrate of UO^ formed locally at the anode. It is 
suggested that the following mechanism may explain the 
observations qualitatively. The effects noted appear to 
be localised at grain boundaries and at discrete points 
over the surface of the oxide, and it may therefore be 
suggested that a high concentration of lattice defects 
(bl ) is formed by being trapped at Impurities or other 
discontinuities in the oxide structure, and that this 
finally results in the discharge of ions to form UO^ 
or hydrated UO^ This could explain the formation and 
occlusion of nitrogen in the film, the fluorescence 
observed, and the fact that no change took place in the 
electron diffraction pattern at the plateau. often
has an amorphous structure).
The further observation under the microscope that 
nitrogen was evolved mainly from the brown outgrowths 
visible on thicker films, by treatment with 10% citric 
acid, tends to confirm this hypothesis. It was also 
noted that re-anodising after citric acid treatment 
resulted in a rapid increase in voltage, showing that the 
film had been penetrated only locally down to the base 
metal by the acid. The reduced value of the field within 
the oxide suggests that the conductivity of the local oxide
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growths postulated was greater than that of the main film. 
This would account for the enhanced growth which took place 
at grain boundaries.
After a period which depended on the electrolyte 
concentration and current density, during which the field 
in the oxide remained at a low value, it was noted that 
the film on *A* had become noticeably absorbing, while 
that on ?B ! was transparent. The fluorescence disappeared 
and the field commenced to' rise towards its initial value. 
It appeared, therefore, that the formation of the 
transition UO^ layer had ceased and.that the mechanism of 
oxidation had again changed.
G-ravimetric determinations have shown that the 
average oxide compositions of the metals ?A y and * B* were 
U02 and UO^ ^ respectively. In addition the formation 
efficiency was 70% with *A? and 85% with *B’_. It would 
seem, therefore, that oxide growth continued with reduced 
efficiency for metal ?A*, presumably with the evolution 
of oxygen, but that for JB ? efficiency was higher and a 
greater quantity of oxygen was contained in the film.
The identical ageing properties of these films and the 
fact that the final value■of the instantaneous field in 
the oxide was the same, suggest that this change in 
composition resulted from excess oxygen being loosely 
bound within the lattice rather than chemically combined
-216-
t'o form a different oxide *
The present state of knowledge in this field prevents 
a complete analysis of the mechanism of film formation/from 
being carried out. It seems probable that Anderson*s 
proposal for conduction in UO^ is more in line with the 
above hypothesis than the alternative of Hartmann, but no 
direct evidence is available, and the results of any 
experimental study are complicated by valency changes of 
the uranium. '
Brief consideration is finally given to anodic
oxidation in ammoniated glycol. At the plateau it appears
that the preferred reaction is the discharge of electron
deficits, resulting in oxygen evolution, rather than the 
6+discharge of U ions to form IJCU Above the plateau
0 *
further oxide growth slowly takes place, but it has been 
noted that corrosion occurs, and it is also’possible that 
the use of a non-aqueous electrolyte may result in a 
modification to the oxide composition or structure (cf» 
tantalum in non-aqueous electrolytes).
The addition of water to ammoniated glycol causes 
the gas evolution plateau to increase considerably until 
eventually the behaviour of the electrolyte is similar to 
that of aqueous ammonia. The conductivity of the 
electrolyte increased regularly with increasing water
-217-
content, and it seems likely that this was directly 
responsible for the increased potential*
A comparison between the kinetics of film formation 
on uranium and on other metals shows clearly that no direct 
application of Mott and Cabrerafs theory of oxidation is 
possible in the present work*
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